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ABSTRACT
UNDERSTANDING WATER DIFFUSION IN
EXPERIMENTAL SPINAL CORD INJURY
REMOTE FROM INJURY EPICENTER

Alice Motovylyak, B.S.
Marquette University, 2018

Diffusion tensor imaging (DTI) has demonstrated success as a biomarker of spinal cord
injury (SCI) severity as shown from numerous preclinical studies. However, artifacts from
stabilization hardware at the lesion have precluded its use for longitudinal assessments.
Previous research has documented ex vivo diffusion changes in the spinal cord both caudal and
rostral to the injury epicenter. The aim of this dissertation was to quantify the structural
changes that lead to different diffusion measures in the rat cervical spinal cord after a thoracic
contusion injury in an attempt to find a biomarker of injury. Animals received a thoracic
contusion injury and underwent Magnetic Resonance Imaging (MRI) at three time points after
injury. The rats’ post-injury locomotor performance was assessed weekly using the Basso,
Bresnahan, and Beattie (BBB) scoring scale.
First, the relationships between BBB scores and MRI were assessed using region of
interest analysis and voxelwise linear regression of DTI and free water elimination (FWE)
modeling to reduce partial volume effects. In the second aim, the extent of axonal injury and
astrocytic proliferation were assessed histologically and compared to the diffusion metrics.
Water content in different tissue compartments of the cervical cord was also investigated using
quantitative T2 (qT2) imaging. Finally, the sensitivity of using varying diffusion times was
explored by comparing the conventional pulse gradient spin echo sequence with a novel
technique, oscillating gradient spin echo (OGSE).
The results suggest that diffusion tensor imaging parameters, specifically axial diffusivity
(AD) and mean diffusivity (MD) can be used as measures of chronic injury severity, but their
sensitivity in the acute stage needs to be further explored. Edema was not evident from the qT2
measures, however, in the OGSE study, the fact that longer diffusion times were most sensitive
to injury suggest that the most impactful changes resulting from spinal cord injury occur in the
extracellular space on the whole cell scale.
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Traumatic spinal cord injury (SCI) is a major medical problem that results in long-term
neurological deficit and functional disability, due to both the initial loss of function and further
cumulative complications. Damage to the spinal cord results in a loss of connection between
the brain and the areas at or below the level of the lesion. The pattern of deficit or location of
the loss of function are dependent on which tracts are damaged and the amount of preserved
spinal cord tissue. Currently, the standard system for evaluating injury severity is the American
Spinal Injury Association (ASIA) scale, which ranges from A to E, with A representing complete
loss of function and E – normal function (Kirshblum et al., 2011; Roberts, Leonard, & Cepela,
2017). Spinal cord damage is irreversible, partly due to the inability of axons to regenerate,
however, medical treatments that involve neuroprotective and neuroregenerative therapies do
exist (Cadotte, Akbar, Fehlings, Stroman, & Cohen-Adad, 2018). In order for treatments to be
effective, an accurate and extensive evaluation of injury is required, which is challenging with
current imaging and monitoring techniques.

Axonal Degeneration

The best hope for a patient to recover from a SCI lies in the ability to regenerate axons,
since current medical interventions do not allow axons to regrow past the lesion and beyond the
injury site. If an injury results in transection of the axon, also known as axotomy, the distal
segment of the axon becomes separated from its cell body. Key features of nerve transection
include swelling, microtubule disassembly, and fragmentation of the axonal cytoskeleton (J. T.
Wang, Medress, & Barres, 2012). When normal function is compromised due to the transection,
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the proximal end uses calcium waves to send signals to the soma indicating that an injury has
occurred (Saito & Cavalli, 2016; J. T. Wang et al., 2012). Calcium, which is stored in the
endoplasmic reticulum (ER), is important for local protein synthesis (Saito & Cavalli, 2016).
There are several possible outcomes of axotomy, including death of the cell body, which begins
by gradual degeneration of the axon toward the soma (Rishal & Fainzilber, 2014; J. T. Wang et
al., 2012). Other responses are also common, such as changes in the nucleus localization,
blockage of axonal transport, chemical toxicity, and fragmentation of intracellular organelles
(Rishal & Fainzilber, 2014; J. T. Wang et al., 2012).
Axonal degeneration is divided into three stages based on morphology, which are
illustrated in Figure 1-1, however, the exact spatiotemporal progression of degeneration may
vary with different factors, such as animal species, age of the animal, location of injury, and type
of lesion (Beirowski et al., 2005). During the immediate stage after injury, both distal and
proximal ends of the axon degenerate a few hundred micrometers. Following that, a dystrophic
bulb forms at both bisected ends due to accumulation of organelles from retrograde and
anterograde transport (J. T. Wang et al., 2012). These bulbs were previously thought to be static
structures, but recent research suggests that they have periods of extension and retraction
(Tuszynski & Steward, 2012). On the proximal end, compensatory sprouting may also occur a
few hours after injury, where adjacent healthy neurons sprout new branches to innervate the
target tissue (Rishal & Fainzilber, 2014). Some researchers have postulated that dying back of
the proximal ends is beneficial because it allows more time for the glial scar to form and so less
axonal branched are lost when they reach the lesion (Coleman, 2005). As long as 24 hours after
injury, the neuron may remain partially excitable and the distal axon remains functionally intact
for a brief period of time (J. T. Wang et al., 2012). Finally, the last phase of degeneration
involves fragmentation and cytoskeletal breakdown of the distal axon, which is thought to be
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triggered by blockage of anterograde transport (Coleman, 2005; J. T. Wang et al., 2012). The
axoplasm and myelin debris are eventually removed by the invading inflammatory cells
(Beirowski et al., 2005).

Figure 1-1. Time course of axonal degeneration.
The three stages involve 1) acute degeneration that impacts both the proximal and distal ends
of the axon, 2) a period of inactivity, where the distal segment remain partially excitable, and 3)
fragmentation of the axonal cytoskeleton. Here, the soma and proximal segment is on the left
and distal end is on the right (J. T. Wang et al., 2012).
Timeline of Spinal Cord Injury

The pathology of spinal cord injury has been divided in two distinct mechanisms:
primary and secondary. Primary injury consists of the initial physical and mechanical trauma
which directly damages the spinal column (Park, Velumian, & Fehlings, 2004; Witiw & Fehlings,
2015). This leads to disruption of neuronal axons, blood vessels, and cell membranes. Besides
the initial injury, the process of secondary injury persists for months after the initial trauma and
leads to additional tissue degradation (Park et al., 2004). The cascade of secondary injury
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processes include ischemia, inflammation, and cell death due to free radicals, glutamate
excitotoxicity, cytoskeletal degradation, and apoptotic pathways (Park et al., 2004). As a result
of this secondary injury processes, patient’s neurological status may decline after the initial
insult (Cadotte et al., 2018).
The initial injury leads to rupture of blood vessels and breakdown of the blood-brain
barrier which causes hemorrhage, hyperemia, and vasodilation (Mortazavi et al., 2015;
Norenberg, Smith, & Marcillo, 2004; Witiw & Fehlings, 2015). This causes proteinaceous fluid to
leak into the extracellular space, causing edema in the central grey matter which spreads out
radially and axially for the next several hours (Park et al., 2004). Edema increases interstitial
pressure, which, in turn, leads to ischemia. Focal narrowing, aneurysmal dilation, and occlusion
of blood vessels may also occur (Norenberg et al., 2004). Previous studies have documented
that cord ischemia is proportional the severity of the insult (Sandler and Tator, 1976b; Dolan et
al., 1980b; Tator and Fehlings, 1991; Young, 1993) and is more pronounced in the gray matter
(Mortazavi et al., 2015; Tator & Fehlings, 1991). Systemic hypotension results from spinal
neurogenic shock and blood vessels’ loss of autoregulation (Sadowsky, Volshteyn, Schultz, &
McDonald, 2002). The propagation of action potentials along axons is slowed or completely
blocked by hypoperfusions, which further exacerbates the spinal shock (Sadowsky et al., 2002).
In parallel, necrosis of the damaged cells persists, leading to the release of glutamate
(Sadowsky & McDonald, 2002; Witiw & Fehlings, 2015). The excessive and prolonged exposure
to glutamate is known as excitotoxicity which initiates a variety of mechanisms including
initiation of lipid peroxidation, inhibition of Na+-K+ ATPase activity, inactivation of membrane
sodium channels, direct inhibition of mitochondrial respiratory chain enzymes, and other
oxidative modifications of important proteins (Dumont et al., 2001). Edema is further
exacerbated by the influx of potassium ions from the intracellular space as the result of ischemic

5
depletion of ATP. The release of glutamate also leads to overexcitability of neighboring neurons
which release waves of calcium ions. This leads to the production of free radicals and activation
of apoptotic pathways resulting in the death of previously healthy or intact neurons,
oligodendrocytes, microglia, and possibly astrocytes (Dumont et al., 2001; Sadowsky et al.,
2002).
Breakdown of the blood brain barrier results in invasion of inflammatory agents such as
neutrophils, macrophages, and T-cells (Bareyre & Schwab, 2003). Neutrophils are the first
responders and invade the lesion site within hours of injury. By 1-3 days post injury, they are
widespread throughout white and gray matter. Neutrophils are responsible for releasing a
variety of pro-inflammatory mediators, which may worsen the tissue damage (Fleming et al.,
2006). Figure 1-2 illustrates the timeline of leukocyte invasion in the spinal cord after injury.

Figure 1-2. Timeline of leukocyte infiltration at the site of injury in rodents.
Neutrophils and microglia are the first responders to injury, while macrophages and
lymphocytes arrive days later (Neirinckx et al., 2014).
If a contusion injury impacts the dorsal columns, the neuronal cell bodies survive
relatively well, however, the proximal ends the transacted axons become sealed off and are
transformed into sterile end balls over the next several days (Davies, Goucher, Doller, & Silver,
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1999; Norenberg et al., 2004). Myelin also swells and eventually becomes fragmented and
discarded by the macrophages. 1-2 day after injury, edema spreads rostrally and caudally
paralleling the necrosis at the lesion site (Tator & Fehlings, 1991).
After a day of injury, resident microglia become activated, where their processes
become shorter and thicker and their cell bodies larger. They also become arranged around the
margins of the lesion. The role of microglia in SCI has not always been clear. The fact that they
secrete many potentially harmful molecules have branded them as detrimental to injury,
however, recently, there has been documentation of cytoprotective compounds secreted by
these cells. For example, some factors have been shown to stimulate the production of nerve
growth factor, induce neurite sprouting, and facilitate regeneration (Norenberg et al., 2004).
Several days after injury, microglia become transformed into macrophages, whose main
role is phagocytosis and they invade most of the cross-sectional area (Fleming et al., 2006). The
removal of debris by macrophages results in a formation of a cavity which characterizes the
subacute stage of SCI, that is later filled with astrocytes (Kakulas, 2004). Astrocytes surrounding
the lesion become hypertrophic as their nuclei become pale and expand over several days after
the insult. Throughout the first weeks post-injury, astrocytes are spatially co-localized with
activated microglia (Popovich, Wei, & Stokes, 1997).
Around 6 months after injury, the tissue response of SCI is considered chronic and may
persist throughout the lifetime of the patient. Weeks after the injury has occurred, a scar may
form to isolate the damaged area from healthy tissue, which consists of astrocytic processes
attached to one another by tight junctions and surrounded by extracellular matrix (Fleming et
al., 2006). Formation of fluid-filled cysts/ cavities and syrinx are also common (Popovich et al.,
1997).
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Pathological Changes Remote from Lesion Site

Trauma to the spinal cord leads to long-term irreversible pathway changes throughout
the whole neuroaxis. By the end of the first week of injury, neutrophils have been documented
1-3 segments above and below the lesion, however, the inflammatory response diminishes with
distance from the epicenter. At 12 hours post injury, activated microglia were observed in the
fasciculus gracilis as far as 2 cm rostral and caudal to the epicenter, however, a stronger
activation was evident in the caudal sections (Popovich et al., 1997). At 3 weeks, reactive
astrocytes were documented in the fasciculus gracilis and surrounding the regions containing
reactive microglia and macrophages (Popovich et al., 1997). Following a transaction of a rat
sciatic nerve, an increase of macrophages occurred all along the degenerating segments,
reaching as far as 10.4 mm (Avellino et al., 1995a). After a contusion injury of a rat spinal cord
at T10 level, macrophages and microglia were visualized at 6 mm rostral and caudal to injury
(Carlson, Parrish, Springer, Doty, & Dossett, 1998). Ito and others documented the longitudinal
spread of cord lesions in humans (Ito, Oyanagi, Wakabayashi, & Ikuta, 1997). Chronic
demyelination and axonal breakdown are also shown to occur caudal to the lesion in the motor
tracts and rostral in sensory pathways (Kakulas, 2004; Totoiu & Keirstead, 2005).
Even though the cerebral cortex is not directly traumatized, long-term loss of sensory
input and motor output leads to reorganization of brain regions (Cohen-Adad, El Mendili, et al.,
2011; Freund, Curt, Friston, & Thompson, 2013; Kokotilo, Eng, & Curt, 2009; Wrigley et al.,
2009). In humans, spinal (Lundell et al., 2011) and cortical (Jurkiewicz, Crawley, Verrier,
Fehlings, & Mikulis, 2006; Wrigley et al., 2009) atrophy as well as cortical reorganization
(Kokotilo et al., 2009) have been documented, the extent of which is reflected in the level of
disability (Freund et al., 2012). Damage to the dorsal columns, which mainly contain ascending
pathways related to proprioception, leads to changes in the sensorimotor pathways. Spinal cord
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lesions often effect the corticospinal tract (CST) which leads to atrophy and degeneration of
cranial CST and reduction of motor areas (Freund, Curt, et al., 2013; Guleria et al., 2008; Wrigley
et al., 2009). Figure 1-3 illustrated the ascending and descending tracts of a rat spinal cord that
could potentially be impacted by SCI.

Figure 1-3. Cervical cross-section of a rat spinal cord.
The dorsal columns (illustrated in blue) and corticospinal tract (shown in light green) are
experience direct trauma via the contusion injury, which leads to the loss of motor and sensory
function and the reorganization of target brain regions (Kjell & Olson, 2016).
Magnetic Resonance Imaging

The acute neurologic assessments, such as the ASIA impairment scale, can provide some
information about the state of injury, but the predictions can be variable and unreliable,
therefore, Magnetic Resonance Imaging (MRI) biomarkers are needed in order to apply the
current knowledge of neural function and plasticity to aid in diagnosis and recovery. The
capabilities of an MR system rely on the ability of atoms with an odd number of protons to
exhibit nuclear spin. When no magnetic field is present, the orientation of the spins in the body
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is random. However, when a strong magnetic field is applied, the spins align along the direction
of the magnetic field and exhibit resonance at a defined frequency called Larmor frequency.
The summation of all magnetic moments of the nuclei is termed net magnetization (M). When
an object is placed inside an MR scanner, it becomes exposed to a large main magnetic field (B0)
and at equilibrium, net magnetization aligns with B0. Then, a radiofrequency (RF) pulse can be
applied, which matches the precession frequency of the spins and perturbs them from their
equilibrium position; this RF field is also known as B1 field. Once the RF field is turned off, the
protons realign with the main magnet through two relaxation processes. When the net
magnetization is returned to equilibrium, energy is emitted that is proportional to the number
of exited protons in the volume. The contrast between different tissues is determined by the
rate at which the protons return to equilibrium (Bushberg, Seibert, Leidholdt Jr., & Boone, 2012;
Huettel, Song, & McCarthy, 2009; Nishimura, 2010).
There are two primary processes by which tissues return to the equilibrium state: T1 and
T2. Spin-lattice relaxation or T1 is the process of net magnetization along the longitudinal axis
recovering to its equilibrium position due to the process of energy transfer from the spins to
their environment. Spin-spin relaxation or T2 involves the decay of the transverse component of
magnetization. The T2 decay occurs because intrinsic inhomogeneities on the microscopic scale
in the sample result in spins getting out of phase with each other due to differences in their
precession frequencies. The amount of signal lost in T2 weighted images is dependent on echo
time (TE), which is the time between excitation and data acquisition. The T2 decay value is also
dependent on the molecular structure of the sample and presence of water-bound protons
(Bushberg et al., 2012; Huettel et al., 2009; Nishimura, 2010).
The other components of an MR system include gradient coils and amplifiers (for spatial
encoding in x, y, and z directions), computer, and control hardware. The primary function of
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gradient fields is to produce deliberate distortions in the main magnetic field leading to
variations of proton resonance frequency with position. This provides the ability to spatially
encode the MR signal (Bushberg et al., 2012; Huettel et al., 2009; Nishimura, 2010).

Diffusion Tensor Imaging

Diffusion Tensor Imaging (DTI) is a non-invasive method that provides the ability to
probe structures in the central nervous system (CNS) by estimating water diffusion. Diffusion,
or Brownian motion is a physical process of translational movement of molecules due to
random thermal agitation (Alexander, Lee, Lazar, & Field, 2007; Beaulieu, 2002). Neurons, glial
cells, axons, and extracellular components all provide barriers that restrict free water diffusion
(Beaulieu, 2002). Changes in tissue structure subsequently impact diffusion properties of water,
which can then be indirectly measured using DTI. Water in the extracellular compartments can
diffuse more freely than water inside cells, where there is more probability of collision with cell
walls, organelles, and macromolecules. Water can also move between different tissue
compartments, both passively (though membrane pores) and actively (via aquaporin channels).
In a pure liquid environment, molecules are equally likely to diffuse in any direction; this
phenomenon is termed isotropic diffusion. However, if diffusion is restricted to a particular
orientation, it becomes anisotropic. In highly organized structures, such as white matter fiber
tracks, water molecules are relatively unimpeded along the direction of the fiber, but much
more restricted in the perpendicular direction (Alexander et al., 2007; DeBoy et al., 2007). As a
result, diffusion in white matter is fairly anisotropic and more isotropic in gray matter (Cheung
et al., 2009). This feature makes DTI a perfect candidate to evaluate structural changes in CNS
after an injury since it can provide information beyond the structural and spatial resolution
capabilities of conventional MR.
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In DTI, the magnetic field gradients are applied so that radiofrequency energy emitted
by non-diffusing molecules remain unchanged. When water molecules are diffusing, however,
they accumulate additional phase as they more along different gradient field strengths. Tissues
with more water mobility have a greater signal loss than those with less water mobility. The
following ratio expresses signal intensity of the diffusion tensor images (Sb) over signal intensity
without the gradient (S0),
𝑆𝑏
ln ( ) = 𝑒 −𝑏𝐷
𝑆0
where D is diffusion coefficient and b is the diffusion weighting. The b-value reflects strength,
duration, and spacing of the pulsed gradients. Higher b-values induce stronger diffusion effects
(Mori, 2007).

Figure 1-4. Schematic representation of a diffusion sequence.
A symmetric diffusion-sensitizing gradient is applied on both sides of the 180°-pulse. The phases
of the stationary spins are unaffected, since the phase accumulation from the first lobe is
reversed by the second lobe. Diffusing spins, however, lose phase coherency by moving to a
different location, resulting in loss of signal (Bastiani & Roebroeck, 2015).
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Isotropic diffusion can be characterized by one term, diffusion coefficient. However,
biological tissues generally do not allow isotropic diffusion, so a more complex representation is
required to describe anisotropic diffusion. DTI assumes Gaussian distribution of diffusion in
each voxel and analyzes the three-dimensional shape of diffusion using a tensor model. The
tensor D is used to describe the molecular mobility along three primary directions of diffusion:
𝐷𝑥𝑥
𝑫 = [𝐷𝑦𝑥
𝐷𝑧𝑥

𝐷𝑥𝑦
𝐷𝑦𝑦
𝐷𝑧𝑦

𝐷𝑥𝑧
𝐷𝑦𝑧 ]
𝐷𝑧𝑧

The diffusion tensor is calculated by applying the diffusion-sensitizing gradients in various
directions. The three eigenvectors of the tensor represent the axis of an ellipsoid. Since the
tensor is symmetric, at least six gradient directions must be collected in order to determine the
tensor fully; however, using more directions leads to a more uniformly sampled scanning space
(Le Bihan et al., 2001). For a simplistic three-dimensional ellipsoid, three eigenvalues (𝜆1 , 𝜆2 , 𝜆3 )
can be derived from the tensor that correspond to apparent diffusivities along each axis (Le
Bihan et al., 2001; Mori, 2007). 𝜆1 typically represents the diffusion corresponding to the
longest axis of the ellipse, termed axial diffusivity (AD). The average of 𝜆2 and 𝜆3 (dimensions
through the ellipsoid) are referred to as radial diffusivity (RD). Fractional anisotropy (FA) and
mean diffusivity (MD) can also be computed from the diffusion tensor.
𝐴𝐷 = 𝜆1
𝑅𝐷 =

𝜆 2 + 𝜆3
2

1 √(𝜆1 − 𝜆2 )2 + (𝜆2 − 𝜆3 )2 + (𝜆3 − 𝜆1 )2
𝐹𝐴 = √
2
√𝜆12 + 𝜆22 + 𝜆23
𝑀𝐷 =

𝜆1 + 𝜆2 + 𝜆3
3
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In the spinal cord, DTI parameters are also sensitive to barriers of diffusion: axial
diffusivity (AD) is typically associated with unhindered diffusion along the spinal cord tracks,
while radial diffusivity (RD) looks at diffusion perpendicular to the cord, both of which may
become altered after injury. Due to the organized nature of axonal tracks, RD tends to be low in
white matter since it is restricted by myelin sheaths and cellular membranes (Schwartz &
Hackney, 2003). Axial diffusivity (AD), on the other hand, is typically higher than RD in white
matter since it measures diffusion along the axonal tracts where the motion of molecules is not
as restricted. After a spinal cord injury, anisotropy tends to decrease: AD decreases due to
damage to the axons and RD increases as a result of demyelination (DeBoy et al., 2007; Ford et
al., 1994; Schwartz, Chin, et al., 2005; Schwartz, Cooper, et al., 2005).
The increase in RD at the injury site has been associated with myelin sheath thickness
and its permeability to water (Kim et al., 2006; Schwartz & Hackney, 2003). When Song et al.
examined myelin deficient brains of mice without axonal loss or inflammation, they found a
significant increase in RD, but no change in AD (Song et al., 2002). Experiments performed on
myelin deficient cats found a greater increase in RD in proportion to AD in as compared to
controls, further suggesting that myelin has a larger impact on RD (Gulani, Webb, Duncan, &
Lauterbur, 2001).
Decreased diffusion has been observed rostral and caudal to injury in rats in both gray
and white matter regions using ex vivo imaging (DeBoy et al., 2007; Ellingson, Kurpad, & Schmit,
2008; Jirjis, Kurpad, & Schmit, 2013; Loy et al., 2007; Vedantam et al., 2014) and in chronic
human subjects in vivo (Ellingson, Ulmer, & Schmit, 2008). Moreover, an ex vivo study looking at
regions caudal and rostral to injury showed that FA values caudal to injury were better at
differentiating between mild and moderate/severe injury than FA values at the lesion site
(Kelley et al., 2014). Jirjis et al. found that mean diffusivity of water in the cervical cord
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decreased significantly after a thoracic contusion injury in ex vivo measurements (Jirjis et al.,
2013).

Quantitative T2 (qT2) Imaging

The resonance signal recorded by MRI comes from hydrogen atoms in water, lipids,
proteins, and nucleic acids. The T2 relaxation of water is significantly longer than the relaxation
times of other sources (MacKay et al., 2006). Thus, T2 weighted imaging can be a handy tool for
measuring water in the central nervous system. However, despite the fact that it has been
utilized in the clinic for decades, its use has largely been qualitative (MacKay et al., 2006;
Whittall et al., 1997).
In a homogeneous system, the loss of spin phase coherence or T2 decay is
monoexponential. In biological systems, such as the CNS, however, one voxel may contain many
compartments where water can diffuse, which results in a multiexponential tissue decay
(Kozlowski, Liu, Yung, & Tetzlaff, 2008; Vidarsson, Conolly, Lim, Gold, & Pauly, 2005).
Quantitative T2 (qT2) imaging takes advantage of different relaxation times of water present in
these compartments. The shortest relaxation time is typically attributed to water trapped in the
myelin sheaths surrounding the axons, intermediate time is associated with intra/extracellular
water or tissue water, and the longest with cerebrospinal fluid (CSF) (Cornelia Laule et al., 2007;
Oakden et al., 2015; Vavasour et al., 1998). Carr-Purcell spin-echo pulse sequence, which is
typically used for qT2 imaging is reproduced in Figure 1-5.
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Figure 1-5. qT2 pulse sequence.
The diagram shows a timeline for the RD pulse, amplitudes of Gx, Gy, and Gz gradeints, the
readout (A/D), and signal of the excited nuclei. The excitation consists of a slice selective 90°
pulse, followed by a series of 180° pulses for spin refocusing (Allison & Yanasak, n.d.).
Although qT2 is not a direct measure of myelin or water content, several studies have
validated the qT2 results with histological studies (Harkins, Valentine, Gochberg, & Does, 2013;
C. Laule et al., 2006; Cornelia Laule et al., 2008; MacKay et al., 1994; Oakden et al., 2015; Webb,
Munro, Midha, & Stanisz, 2003; Whittall et al., 1997). Quantitative T2 has demonstrated its
utility both in the brain and spinal cord. It has been used to study axonal myelination in the
brain of healthy patients (Whittall et al., 1997) as well as in multiple sclerosis (Vavasour et al.,
1998). Other groups conducted in vivo measures of edema using qT2 in the rat spinal cord and
confirmed it with histology (Harkins et al., 2013; Oakden et al., 2015).
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After a traumatic injury compartmental changes are expected to occur in the cord as
axons undergo cytoskeletal reorganization and degradation (Gallyas, Farkas, & Mazlo, 2002);
neurofilament and microtubule degradation occurs along with cytoskeletal collapse and
compaction (Gallyas et al., 2002). All of these compartmental changes may subsequently lead to
changes in water diffusion and edema and the extent of edema has been directly linked to injury
severity (Wagner & Stewart, 1981). The next logical step is to utilize qT2 in imaging the spinal
cord away from injury to understand the extent of edema.

Oscillating Gradient Spin Echo (OGSE)

In restricted diffusion, one key parameter that determines the sensitivity of DTI to
microstructure is diffusion time. Diffusion time is the time period during which the diffusion of
molecules in their microenvironment is measured. The scale of restrictive barriers that can be
detected depends on the diffusion time, because as diffusion time increases, the likelihood of
molecules to encounter barriers increases (Aggarwal, Jones, Calabresi, Mori, & Zhang, 2012;
Does, Parsons, & Gore, 2003). Therefore, obtaining DTI measures at different diffusion times
may make it possible to detect or separate structures with different spatial dimensions
(Aggarwal et al., 2012). However, shortening the diffusion times in conventional diffusion
imaging can be challenging. Since pulsed-gradient spin-echo (PGSE) is typically used for DTI,
shortening the diffusion times would require increasing the magnitude of diffusion gradients,
which is limited by the current gradient hardware (Parsons, Does, & Gore, 2003).
Oscillating gradient spin echo (OGSE) is a method that can examine water diffusion over
different time scales and has potential to identify changes in tissue microstructure (Aggarwal et
al., 2012; Junzhong Xu, Does, & Gore, 2009). It was first introduced in 1969 as a method of
obtaining shorter diffusion times (M. Martin, 2013). OGSE utilizes sinusoidally varying gradient
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pulses in place of the trapezoidal gradient pulses of traditional PGSE as shown in Figure 1-6. In
the oscillating pulse sequence, positive lobes are flowed by negative lobes of equal area, so the
phase of stationary spins are refocused, while moving spins lose coherence (Schachter, Does,
Anderson, & Gore, 2000). Higher pulse frequencies lead to shorter diffusion times, which allows
OGSE to achieve diffusion times on the order of 1-2 ms in vivo, while ADC values acquired via
PGSE probe tissue on the 20-40 ms scale (M. Martin, 2013; Parsons et al., 2003; Van,
Holdsworth, & Bammer, 2014; Junzhong Xu et al., 2014). Some researchers have hypothesized
that PGSE is more sensitive to large scale cellular changes, while OGSE is better to picking up
changes to subcellular structures (Gore et al., 2010; J Xu, Harkins, Horch, Does, & Gore, 2012).

Figure 1-6. Oscillating gradient spin echo sequence.
Here Δeff is duration between the gradients and δeff is the duration of gradient pulse in the PGSE
sequence. In OGSE, T is waveform length (Harkins, Galons, Divijak, & Trouard, 2011).
Due to the anisotropic nature of white matter, modulating diffusion times has been
reported to influence FA and MD measurements (Baron et al., 2015; Kershaw et al., 2013; Kunz,
Sizonenko, Hüppi, Gruetter, & van de Looij, 2013). For example, in the rodent brain, increase in
MD and decrease an FA have been reported with short diffusion time (Kershaw et al., 2013). In
acute human stroke, researchers reported a renormalization of ADC values with shorter
diffusion times (Baron et al., 2015). In white matter, spins are able to diffuse freely in the
longitudinal direction, along the direction of the fiber tract. In the transverse direction, however,
the spins are more restricted. By shortening the diffusion times, more information can be
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gained about the restrictive boundaries perpendicular to the fiber tracts (Clark, Hedehus, &
Moseley, 2001). One of the disadvantages of OGSE, however, is that it can be difficult to
achieve reasonably high b-values with conventional human scanners.

BBB Scoring

The Basso, Beattie and Bresnahan (BBB) locomotor rating scale (Basso, Beattie, &
Bresnahan, 1995, 1996) is widely used to test behavioral consequences of spinal cord injury (SCI)
on rats. This method involves observing the movement of the animal and assigning a
cumulative score corresponding to specific criteria. This method has been so frequently used
because of its simplicity, practicality, and clearly defined observational criteria (Eloy, Barros,
Eira, & Sleiman, 2008; Scheff, Saucier, & Cain, 2002).
Prior to injury, animals are trained to walk in an open field environment which consists
of a plastic pool approximately 90 cm in diameter with 7-10 cm high walls. After the injury
occurs, BBB scores are typically performed on a weekly basis, where two observers examine the
locomotor ability of each subject for 4 minutes. The observer then assigns a score, on a 21point scale that corresponds to the subjects’ functional ability, where a score of zero is no
discernable hindlimb movement and 21 is coordinated gait and consistent trunk stability. The
BBB scoring scale, however, does present some limitations. First of all, there is a clear floor and
ceiling affect, where animals cannot score below 0 or above 21. Furthermore, the scale is not
linear, meaning that progress can occur faster at certain portions of the scale as opposed to
others (Scheff et al., 2002).
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Specific Aims

Aim 1: Use a rat contusion model of SCI to evaluate the utility of in vivo cervical diffusion after a
thoracic injury.
In this study rats underwent a thoracic contusion (T8) injury of mild, moderate, severe,
or sham severity and MRI of the cervical cord was performed at 2, 30, and 90 days post injury.
The relationships between MR metrics and functional recovery were assessed using region of
interest analysis and voxelwise linear regression of DTI and free water elimination (FWE)
modeling to reduce partial volume effects. We hypothesized that in vivo changes would be
similar to those observed ex vivo: decrease in mean diffusivity (MD), axial diffusivity (AD), and
fractional anisotropy (FA) with injury severity.

Aim 2: Characterize histological changes in white matter remote from the injury site.
The goal of this aim was to understand the structural alterations associated with
diffusion changes: specifically, the impact of astrocytic activation and proliferation as well as
neurofilament phosphorylation were investigated. We hypothesized that quantitative histology
would correlate with diffusion changes in the spinal cord rostral to injury epicenter.

Aim 3: Quantify water in different tissue compartments of the cervical spinal cord following a
thoracic injury using quantitative T2 imaging (qT2).
qT2 imaging was used to quantify tissue and myelin water content in the cervical cord
after a thoracic contusion injury. The compartmental changes were tracked from the acute to
chronic state. We hypothesized that the amount of water present in intra- and extracellular
space would correlate with severity and time post injury in the spinal cord rostral to the
epicenter.
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Aim 4: Understand the microstructure of injured spinal cord rostral to the lesion via oscillating
gradient spin echo (OGSE).
OGSE is a technique that utilizes varying-frequency oscillating gradients to measure
shorter diffusion times as compared to conventional pulsed gradient spin echo (PGSE). In this
study, PGSE and OGSE were used to measure diffusion at three different diffusion times (PGSE –
31 ms, OGSE – 3.5 ms, OGSE – 1.75 ms) in the spinal cord after a severe thoracic (T10) contusion
injury. DTI was performed at the epicenter and in the cervical cord rostral to the lesion at 1-, 30and 90-days post injury. We hypothesized that in healthy cords, overall diffusion would increase
since molecules have less time to encounter barriers. Overall anisotropy was expected to
decrease, since at very short times, diffusion should be isotropic. In injured cords, we expected
short diffusion times to provide better sensitivity to smaller diffusion barriers and intracellular
diffusion.
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Sample Sizes

Table 1-1. Number of samples used for each study.

AIM

Modality

Severities

Number of Samples

1

MRI

sham, mild, moderate, severe

N=40 (n=10)

2

MRI

sham, mild, moderate, severe

N=40 (n=10)

Histology

sham, mild, moderate, severe

N=24 (n=6)

3

MRI

sham, mild, moderate, severe

N=40 (n=10)

4

MRI

sham, severe

N=14 (n=7)
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Introduction

Diffusion Tensor Imaging (DTI) has long been utilized in research settings to evaluate
spinal cord injury (SCI), but a reliable outcome biomarker to guide clinical management and
rehabilitation strategies at the early stage has not yet been realized. Standard clinical
assessments of function during the acute stage (≤48hrs) do not necessarily predict long-term
outcome with sufficient accuracy (Burns, Lee, Ditunno, & Tessler, 2003; Fawcett et al., 2007).
Magnetic Resonance Imaging (MRI) is a mainstay of spinal cord injury diagnosis. However,
standard relaxation-based measurements such as T1- and T2-weighted imaging are only
modestly predictive of eventual outcome (Bottomley, Hardy, Argensinger, & Allen-Moore,
1987). Thus, more sensitive techniques, such as diffusion-weighted imaging (DWI) are being
utilized and show promise as markers of injury severity and extent following SCI (Ellingson,
Kurpad, et al., 2008; Jirjis et al., 2013; Kim et al., 2010; Kozlowski, Raj, et al., 2008; Tu & Frank,
2013). This study examined the use of DTI as a predictor of injury remote from the lesion site.
Spinal cord imaging is challenging due to a number of factors, including the small size of
the cord and its location away from the body surface and radiofrequency receive coils. In
addition, diffusion weighted imaging is particularly prone to artifacts due to cerebrospinal fluid
(CSF) pulsation and motion, including respiration. In acute spinal cord traumatic injury, imaging
at the lesion site is complicated by the presence of hemorrhage and vertebral column
displacements that can further prevent high-quality imaging (Vedantam, Eckardt, Wang, Schmit,
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& Kurpad, 2013). Follow-up imaging at the site of injury is further complicated by metal surgical
stabilization hardware which causes extreme magnetic field perturbation and is particularly
disastrous for echo planar imaging (EPI) used by most DWI acquisitions. As an alternative to
imaging at the site of injury, imaging remote from the site of injury has also demonstrated utility
as a marker of injury severity. For example, anatomical imaging of spinal cord diameter or crosssectional area remote from the lesion site has been clearly demonstrated to relate to functional
outcomes (Lundell et al., 2011; Ziegler et al., 2018). DWI in the cervical cord following a lower
cervical or thoracic injury has shown to be a reliable marker of spinal cord trauma in both
human patients and animal models (Becerra et al., 1995; Ellingson, Ulmer, Kurpad, & Schmit,
2008; Ellingson, Ulmer, & Schmit, 2008; Freund, Weiskopf, et al., 2013; Jirjis et al., 2013).
Although previous studies in an ex vivo model of SCI have demonstrated that sites remote from
the injury reflect diffusion changes related to injury severity and functional outcome (Ellingson,
Kurpad, et al., 2008; Jirjis et al., 2013; Kelley et al., 2014; Schwartz, Chin, et al., 2005), these
effects have not been systematically examined in vivo. The goal of this study was to perform in
vivo imaging remote from the injury site using a similar experimental paradigm as prior ex vivo
studies.
Diffusion tensor imaging also has other potential complications. In the spinal cord,
partial volume effects between the white matter and surrounding CSF complicate analysis and
interpretation. Alternative models of diffusion weighted signal have been developed and
utilized to reduce the influence of these intra-voxel contributions and have been reported to
improve sensitivity for neurological injury. In particular, the free water elimination (FWE)
mathematic framework (Pasternak, Sochen, Gur, Intrator, & Assaf, 2009) utilizes a twocompartment model to separate diffusion properties of neuronal tissue from the freely-diffusing
CSF component. It has not been utilized in the spinal cord, but has been shown to be effective
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in the brain to minimize CSF contamination (Hoy, Koay, Kecskemeti, & Alexander, 2014),
improve tractography reconstruction (Hoy, Kecskemeti, & Alexander, 2015), segment edema
surrounding tumors (Pasternak et al., 2009), improve sensitivity to markers in Alzheimer’s
disease (Hoy et al., 2017), monitor changes in substantia nigra in Parkinson’s disease (Ofori et
al., 2015) and most recently, separate signal contribution from perfusing blood (Rydhög et al.,
2017). An additional benefit of implementing this scheme is a voxel-wise map of free water,
which has potential to be used as a new contrast mechanism of vasogenic edema.
This study used a rat contusion model of SCI with varying degrees of severity to examine
diffusion characteristics remote from the lesion site over time. Both DTI and FWE diffusion
models were examined to assess their relationship with locomotor function. Additional efforts
to minimize motion-induced EPI ghosting artifacts along with spatial registration of spinal cord
images to a common space allowed voxel-wise statistical analysis to identify regional location of
changes in the cord and their relationships to function.

Materials and Methods

Spinal Cord Injury Procedure

Forty female Sprague–Dawley rats (250–300 g) were used for this experiment. Female
rats were chosen due to lower incidence of urinary tract infections; however, future studies
would benefit from including both male and female populations. Rats underwent a graded
spinal cord contusion injury at the T8 vertebral level using the MASCIS impactor (W.M. Keck
Center for Collaborative Neuroscience; Piscataway, NJ), which is a widely-used injury model for
experimental SCI in rodents (Gruner, 1992; Metz et al., 2000; W Young, 2002; Wise Young,
2009). Rats were anesthetized with 4% inhaled isoflurane, ensuring absence of leg flexion-
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withdrawal and corneal reflexes prior to the procedure, 2.5% isoflurane was maintained during
the procedure. The back was shaved and sterilized with povidone-iodine, and a longitudinal
incision was made over the mid-thoracic region. After gently moving aside the muscle and
placing retractors, the lamina at T8 was cut and removed to expose the cord. The rat was
suspended with clamps and the impactor rod was placed on the spinal cord above T8. The
contusion was performed by dropping the 10 g rod from a height of 12.5, 25, or 50 mm to
induce a mild, moderate, or severe injury, respectively, with 10 animals in each severity
condition. The trajectory of the falling rod, impact velocity, cord compression distance, time,
and rate were recorded and were consistent with expected values. Cord compression (mm)
was also used as a parametric measure of injury severity. 10 sham animals underwent a
laminectomy with the weight briefly placed on the cord, but they did not experience the weight
drop. After the injury, the muscles were sutured in layers. After surgery, rats were placed on
postoperative care, including twice-daily bladder expression, one dose of enrofloxacin (10 mg/kg
subcutaneously; Bayer Healthcare LLC; Shawnee Mission, KS), buprenorphine hydrochloride
(0.1–0.5 mg/kg subcutaneously; Rickitt Benckiser Health Care Ltd; Hull, UK), and 6 cc of lactated
Ringer's solution. Animals were kept under postoperative care procedures until bladder
function returned and no signs of infection or stress were evident. All rats survived the injury
procedures, but two animals were euthanized prior to the final timepoint due to complications.
Each week the rats’ functional post-injury motor behavior was assessed on the Basso,
Beattie and Bresnahan (BBB) scale, following standard procedures (Basso et al., 1995, 1996), as
a measure of functional recovery and locomotion. Briefly, rats were placed on a flat, one-meter
diameter surface and observed for 4 minutes. Hind limb function was assessed according to the
0-21 BBB scoring where 0 is flaccid paralysis and 21 is normal gait. All animal procedures were
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approved by the Institutional Animal Care and Use Committees (IACUC) at the Medical College
of Wisconsin, the Zablocki VA Medical Center, and Marquette University.

Magnetic Resonance Imaging

MRI was performed at 2, 30, and 90 days after the injury procedure on a Bruker 9.4 T
Biospec System using a commercial 3.8 cm inner diameter quadrature Litz volume coil (Doty
Scientific, South Carolina). Animals were placed prone in a custom head holder with ear bars to
minimize motion as previously described (Zakszewski, Schmit, Kurpad, & Budde, 2015). A 4shot, diffusion weighted EPI acquisition (TE=28 ms; TR=>1500 ms, varied by respiratory rate)
was used with a 25.6x25.6 mm2 field of view, matrix of 128x128, and nominal spatial resolution
of 0.20x0.20 mm2 with 3/4 partial Fourier sampling. Fourteen axial slices with a thickness of 1.0
mm and 0.75 mm gap were positioned perpendicular to the spinal cord main axis spanning
vertebral segments C1 to C5 with the first slice consistently positioned at the junction of the
cerebellum and medulla. The phase encoding direction was along the A-P axis. Fat saturation
was achieved with a frequency-selective saturation pulse in addition to gradient reversal of the
slice selection and refocusing pulses (Gomori, Holland, Grossman, Gefter, & Lenkinski, 1988).
Diffusion weighting employed Stejskal-Tanner diffusion gradients along 30 unique diffusion
directions (Hasan, Parker, & Alexander, 2001) at b-values of 250, 500, 1000, and 2000 s/mm2
with a gradient duration (δ) and separation (Δ) of 8.25 and 12.5 ms, respectively. Additional 15
non-diffusion-weighted images were collected. Three signal averages were used and the entire
acquisition required approximately 1 hour. T2-weighted RARE images were acquired with the
identical spatial resolution at TE=16, 48, and 80 ms, TR=3500 ms, NEX=4, RARE factor=4.
The preprocessing pipeline (Figure 1) included correction for EPI artifacts, motion and
eddy currents, and spatial registration to a common coordinate frame using a combination of
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open-source and custom software. The EPI phase correction to minimize ghosting artifacts was
based on the algorithm described by Chen et. al. 2011 using an automated, iterative adjustment
of the constant and linear phase of multi-shot complex k-space, which maximized the image
signal relative to the background using histograms (Figure 2-1) (N. K. Chen, Avram, & Song,
2011). To correct for motion and eddy currents, a version of the Spinal Cord Toolbox (De Leener
et al., 2017) was modified to perform iterative slice-by-slice corrections. Briefly, each diffusion
weighted image was spatially aligned to the mean of all other images, weighted by the angle
between the current and all other diffusion weighting vectors, a procedure similar in principle to
methods implemented in FSL (Andersson & Sotiropoulos, 2016) using increasing degrees of
freedom from translation, rigid-body, and affine transformations and three full iterations.

Figure 2-1. Image analysis pipeline.
Schematic representation of image preprocessing, including phase correction, and registration
to template space for group-level analysis.
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Diffusion modelling and parameter maps were calculated on a voxel-by-voxel basis by
fitting signal intensity to several models. The diffusion tensor model of Basser et. al. (Basser,
Mattiello, & Le Bihan, 1994) was fit according to
𝑆𝑖 = 𝑆0 ⋅ 𝑒𝑥𝑝(−𝑏𝐷)
where Si is the diffusion-weighted signal, S0 is the signal without diffusion encoding, D is the
estimated diffusivity, and b is the strength of the diffusion weighting given by
𝛿
𝑏 = 𝛾 2 ⋅ 𝐺 2 ⋅ 𝛿 2 (𝛥 − )
3
The Free Water Elimination technique (Hoy et al., 2014; Pasternak et al., 2009) used a
two-compartment model to fit the diffusion signal where tissue and free water compartments
are modeled as separate attenuation vectors, A, given as
𝐀𝑏𝑖−𝑡𝑒𝑛𝑠𝑜𝑟 (𝐃, 𝑓) = 𝑓𝑨𝑡𝑖𝑠𝑠𝑢𝑒 (𝑫) + (1 − 𝑓)𝑨𝑤𝑎𝑡𝑒𝑟
and f is the volume fraction of the tissue and D is the diffusion tensor. The Free Water Fraction
(FWF) is calculated as 1-f. Since multiple b-value images were used, no spatial regularization
was employed.
All parameter maps were spatially registered to a common study-specific template
space using slice-by-slice iterative registration with Advanced Normalization Tools (ANTS)
(Avants et al., 2014). FA and RD maps contain high contrast between white matter, gray matter,
and CSF and were jointly used for all registrations. The template was created by registering all
images to the initial mean using increasing degrees of freedom from rigid, affine, and non-linear,
with 6 iterations at each step. The spinal cord was straightened along the long axis by aligning
the central canal in all slices. Once the template was completed, each dataset was re-registered
to the template using a single transformation and interpolation step, and all other DWI
parameter maps were similarly transformed. Due to the large slice gap, no interpolation along
the slice axis was performed.
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Data Analysis

For all metrics, the maps of mean and coefficient of variation (CoV) were calculated.
CoV for each metric was calculated as a ratio of standard deviation over the mean across all
sham animals at the first timepoint. Regions of interest (ROIs) were manually traced on the
template in the white matter, gray matter, and CSF, and ROIs were applied to each of the
individual datasets in template space. DTI and FWE ROI values were analyzed for an effect of
injury or time by injury interaction using mixed-effect ANOVA with injury severity (mild,
moderate, severe, and sham) as a fixed effect and time as a repeated factor. Each of the metrics
were assessed with a significance threshold of p<0.05.
A linear regression analysis was performed to relate the injury biomechanics
(compression) and BBB scores to the DWI metrics. An ROI analysis was first performed at a
significance level of p<0.05. Steiger’s Z test was used to compare the difference in correlation
coefficients between any of the MRI metrics, with BBB scores being a common criterion (Steiger,
1980). For ROIs that had a significant effect of injury severity, a subsequent voxelwise analysis
was performed to visualize the spatial pattern of the relationship. The non-parametric statistical
method of randomize with threshold-free cluster enhancement in the FMRI Software Library
(FSL) (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) was used with a statistical
threshold of 0.05 and multiple comparison correction by controlling for the false discovery rate
at the voxel level. All statistical analyses were conducted using SPSS (IBM Corp, 2017. Statistical
Package for Social Sciences: Version 25.0. Armonk, NY) and Stata (StataCorp, 2011. Stata
Statistical Software: Release 12. College Station, TX).
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Water Content Measurement

A separate cohort of animals were used to measure total cord water content in the cord
using the dehydration method (Adachi & Feigin, 1966). Nineteen animals (n=10 sham and n=9
severe) underwent the same contusion injury procedure as described above and were
euthanized at the 90-day timepoint with 0.22 ml/kg Beuthanasia-D injection (Med-Pharmex,
Pomona, CA). The full spinal cord was excised and cut into segments using vertebral bodies as
landmarks (C2-T13). The sections were weighed, placed in a 100°C oven for at least 12 hours,
and weighed again. The percentage of water content lost due to dehydration relative to the
initial weight (expressed as %) was calculated for each segment, and the values were averaged
across the thoracic and cervical cord segments. A two-sample t-test was performed to evaluate
changes in water loss between sham and severe groups.

Results

Image Processing Pipeline

The EPI phase correction reduced the artifacts present in the diffusion and non-diffusion
weighted images, with an example shown in Figure 2-2 that contains both phase correction miscalibration and diffusion weighting phase instability. Both types of artifacts were minimized
using the automated procedure. Across all datasets (n=122), phase correction improved the
signal in the cord compared to that of the ghost region signal by 5.1%±2%. However, the effect
of phase correction on the whole-cord FA values was negligible, 0.99%±1.7%. There was no
consistent relationship between either the injury severity or timepoint on the degree of EPI
artifacts.
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Figure 2-2. EPI artifact phase correction.
Ghosting artifacts present in multi-shot DW EPI were evident in both non-diffusion weighted
and diffusion weighted images (top). The automated phase correction had a negligible effect on
artifact free images (A-A’), reduced artifacts caused by motion (B-B’ and D-D’) and corrected
phase artifact likely due to motion occurring during the pre-scan EPI calibration (C-C’ and D-D’).
Four spatial suppression bands placed outside the cord reduced the contamination from noncord tissues.
Representative single subject and group mean parameter maps are shown in Figure 2-3.
The slice-by-slice spatial registration resulted in the ability to extract white and gray matter ROIs
in a predictable and objective way and perform voxel-wise comparisons between subjects.
Qualitatively, the free water elimination model alleviated partial volume effects along the spinal
cord contour, resulting in a more distinct boundary between white matter and CSF. The
improvement was particularly evident in the RD average map. The FWE analysis resulted in
reduced CoV in white matter for MDFWE (0.17), RDFWE (0.014), and ADFWE (0.088) compared to DTI
metrics MD (0.019), RD (0.019), and AD (0.094). However, the CoV of FAFWE (0.020) was greater
than that of FA (0.016). In the gray matter, the CoV of FAFWE (0.40) and RDFWE (0.009) were
lower than that of FA (0.047) and RD (0.012). However, the CoV of MDFWE (0.011) and ADFWE
(0.049) were larger than that of MD (0.0099) and AD (0.013) in the gray matter. Overall, FWE

32
resulted in a more uniform CoV across all animals, particularly in diffusivity metrics in the white
matter.

Figure 2-3. Mean parameter maps.
Registered parameter maps from C4 across all animals demonstrated a reduction of CSF partial
volume effects in the FWE maps compared to DTI. The RD map, in particular, showed an
improvement in the delineation between the CSF and white matter boundary. The coefficient of
variation is more uniform across all animals in the FWE compared to DTI.
Group-level ANOVA for Main Injury Effect

Average parameter maps for injury groups at C4, at 90 days, are shown in Figure 2-4.
MDFWE, AD, ADFWE, and FWFFWE showed a tendency to decrease with injury severity at 90 days. A
mixed-effects ANOVA showed a significant effect of time for nearly all DTI and FWE indices in
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white matter: AD (p=0.0022, F(2,63)=6.78), MD (p=0.0015, F(2,63)=7.21), RD (p=0.0311,
F(2,63)=3.67), ADFWE (p=0.0001, F(2,63)=11.01), and MDFWE (p=0.0004, (F(2,63)=9.04). This was
similarly seen in gray matter: AD (p=0.0155, F(2,63)=4.46), MD (p=0.0057, F(2,63)=5.62), RD
(p=0.0050, F(2,63)=5.78), ADFWE (p=0.0008, F(2,63)=8.04) and MDFWE (p=0.0076, F(2,63)=5.28).
However, an interaction between time and severity was only observed in gray matter ADFWE
(p=0.0498, F(6,63)=2.25). A post-hoc test for each timepoint revealed a significant effect of
injury severity only at 90 days post injury in white matter ADFWE (p=0.0414, F(3,34)=3.06) and
MDFWE (p=0.0066, F(3,34)=4.83) and gray matter MDFWE (p=0.0088, F(3,34)=4.54).

Figure 2-4. DTI and FWE injury group means at C4 at 90 days.
ADFWE and MDFWE appear to decrease with injury severity, while FWFFWE increases. DTI
parameters do not show a strong relationship to injury severity.
Regression Analysis

Linear regression analysis between ROI metrics and BBB scores showed consistency with
the group analysis, as shown in Table 2-1. FA, MDFWE, and ADFWE in white matter and MDFWE and
FWFFWE in gray matter were significantly associated with locomotor recovery at the 90-day time
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point. 90-day ADFWE in white matter was significantly more correlated with 90-day BBB scores
than AD (df=37) Z=2.2223, p < 0.05. MD and MDFWE in white matter (Z=1.8226) and in gray
matter (Z=1.3390) had similar strength correlations. 2- and 30-day post injury diffusion
parameters, however, were not predictive of BBB scores at 90 days.

Table 2-1. DWI metric correlations with BBB scores at 90 days post injury (DPI).

Region

White
Matter

Gray
Matter

DWI
Metric
FADTI

R2

p-value

0.127

0.028

MDDTI

0.003

0.727

ADDTI

0.047

0.192

RDDTI

0.059

0.143

FAFWE

0.013

0.503

MDFWE

0.157

0.014

ADFWE

0.136

0.023

RDFWE

0.007

0.880

FWFFWE

0.089

0.068

FADTI

0.002

0.792

MDDTI

0.000

0.914

MDFWE

0.130

0.026

FAFWE

0.019

0.410

FWFFWE

0.110

0.042

Voxel-wise Analysis

Based on the ANOVA and regression with BBB scores, further voxel-wise analysis was
performed for metrics showing significant white or gray matter correlations with BBB scores in
the ROI analysis. Figure 2-5 shows the voxels with significant correlations with BBB scores at 90
days post injury for ADFWE, MDFWE, and FWFFWE. The correlation between BBB and ADFWE was
primarily localized in lateral regions of the cervical white matter and was consistently evident
across multiple vertebral segments. Significant correlations between BBB score and MDFWE
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corresponded to similar voxels as ADFWE, but significant voxels were also distributed throughout
the gray and white matter and appeared to include the central canal. Significant correlations
between BBB score and FWFFWE, were evident and predominantly localized to the gray matter,
with the voxel near the central canal also showing consistent effects throughout multiple
vertebral segments.

Figure 2-5. Correlations with BBB score.
At 90 days post-injury, ADFWE, MDFWE, and FWFFWE had significant correlations with BBB score.
All significantly correlated pixels (corrected p<0.05) are overlaid onto a template with axial view
at C4 (top row) and coronal view of the cervical cord C1-C7 (bottom row). Positive correlations
are illustrated in red hues and negative correlations are in blue. MDFWE had a significant positive
correlation with BBB score in several regions in the cord. In white matter, a prominent
association between BBB score and ADFWE was evident, whereas in the gray matter BBB score
was predominantly associated with FWFFWE. Multiple comparison correction was performed at
the voxel level by controlling for the false discovery rate (FDR).
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Water Loss

At 90 days after injury, the wet weights of the severely injured thoracic cord segments
were significantly lower than those of the sham cord (p=0.002, t=4.519), as expected, given the
substantial loss of tissue at the injury site. However, the percent of water lost after dehydration
did not significantly differ between sham and severe animals either at the lesion site (p=0.442,
t=-0.893) or in the cervical cord (p=0.298, t=1.256), as illustrated in Figure 2-6.

Figure 2-6. Percentage of water loss.
Average weight of vertebral spinal cord segments before dehydration (left) and mean
percentage of water loss (right) at 90 days post injury. Injured thoracic segments exhibited
lower weight than sham samples, but no significant differences in water content were observed.
Discussion

Diffusion Models and Effects of Removing Free Water

The FWE model demonstrated better performance over the standard DTI analysis by
both reducing partial volume effects and identifying effects of spinal cord injury remote from
the lesion site. Due to the small size of the spinal cord and limited spatial resolution, partial
volume effects are prominent in spinal cord DWI, in which the conventional DTI model tends to

37
underestimate FA and overestimate MD (Hoy et al., 2015). Hence, the peripheral white matter
of the spinal cord has strong partial volume effects that can potentially confound or obscure the
effects of contusion injury. The FWE technique removes these free water components, resulting
in more accurate diffusion measures along the tissue and CSF boundary. In this study, the ADFWE
and MDFWE showed greater sensitivity to injury than DTI metrics in the cervical cord following a
thoracic injury. The lack of sensitivity of the DTI model to capture significant diffusion changes
in vivo may be related to an increase in AD and MD with increased extracellular water/edema
that can offset a decreased diffusivity related to axonal damage, as seen in simulation studies
(Skinner, Kurpad, Schmit, & Budde, 2015). Consistent with the lack of a difference in overall
water content in the dehydration experiment, the results suggest a change in water
compartmentalization after injury in the cord without a significant difference in overall water
content, which is most prominent at the later timepoints after injury.
There is a growing interest in more complex diffusion models that account for free
water, as well as other intra-voxel features. The most common approach to reduce the negative
effects of CSF uses fluid attenuation inversion recovery (FLAIR). This technique is capable of
removing the CSF signal almost completely, however, some of its limitations include reduced
signal-to-noise ratio (SNR), higher acquisition time, and difficulty with multi-slice acquisition
(Hoy et al., 2015). Other schemes contain a freely diffusing component; among these are
diffusion basis spectrum imaging (DBSI) (Y. Wang et al., 2011), neurite orientation distribution
diffusion imaging (NODDI) (Zhang, Schneider, Wheeler-Kingshott, & Alexander, 2012), multiple
fascicle models (Scherrer & Warfield, 2012), AxCaliber (Barazany, Basser, & Assaf, 2009), and
combined hindered and restricted diffusion (CHARMED) imaging (Assaf, Freidlin, Rohde, &
Basser, 2004). However, the complex schemes require long acquisition times and
computational power that is currently not easily accessible in the clinic (Hoy et al., 2014). The
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FWE model provides additional information to classical DTI model without the need for added
scan time and it is already configured for clinical use (Hoy et al., 2014)

Longitudinal Changes - Comparison with Ex Vivo Data

Overall, the effects observed with in vivo FWE metrics at the later time points match
those previously shown for ex vivo DWI studies, but with trends less pronounced than in fixed
tissues. Ex vivo studies show changes as early as 2 weeks post injury, with AD and MD remote
from the injury decreasing over time compared to controls (Ellingson, Kurpad, et al., 2008). In
the current study, the 2 and 30 day post-injury time points exhibited little-to-no correlation to
injury severity. At 10 weeks post-injury, Jirjis et. a cl. 2013 reported changes in FA, MD, AD, and
RD away from the epicenter that were strongly correlated to injury severity (Jirjis et al., 2013).
The results in the current study, while significant, were not as prominent as in prior studies of
fixed tissues. The discrepancy may be related to changes resulting from aldehyde fixation.
Specifically, fixation leads to tissue shrinkage, changes in water relaxation time constants, and
water diffusion characteristics (S.-W. Sun, Neil, & Song, 2003). Furthermore, cross-linking
between aldehyde and protein molecules is known to form barriers to diffusion (Pattany et al.,
1997). The effect of temperature on diffusion is also a potential factor worth considering. Jirjis
et al. 2013 used a relatively low b-value (500 s/mm2) with fixed tissues, which may have
sensitized those measurements to different physical features. The current study used a range of
b-values between 250 and 2000 s/mm2 and although the effects of b-value were not assessed,
the prominent difference between these two studies cannot be neglected. While anisotropy is
relatively preserved when comparing healthy in vivo and ex vivo spinal cord tissues (Madi,
Hasan, & Narayana, 2005), the effects on injured and pathological neurological tissues may not

39
be straightforward, and fixation methods and fixatives may also affect the sensitivity to certain
pathological features (Schwartz, Cooper, Chin, et al., 2005).
Many structural changes could potentially lead to changes in diffusion, such as axonal
degeneration, loss of axons, and demyelination. Previous in vivo animal studies have reported a
decrease in AD along with an increase in RD together (Cohen-Adad, El Mendili, et al., 2011;
Sundberg, Herrera, & Narayana, 2010), where AD reflects loss of axonal integrity and RD –
demyelination (DeBoy et al., 2007; Ford et al., 1994; Schwartz, Chin, et al., 2005; Schwartz,
Cooper, Fan, et al., 2005). After a spinal cord injury, AD tends to decrease due to damage to the
axons and RD increases since some barriers to diffusion have been destroyed (DeBoy et al.,
2007; Ford et al., 1994; Schwartz, Chin, et al., 2005; Schwartz, Cooper, Fan, et al., 2005). The
relationship between AD and injury is also consistent here; the change in RD, however, is not
evident, suggesting axonal damage in the absence of demyelination (Song et al., 2003).
Nonetheless, the in vivo changes evident at more chronic (≥2 wk) time points in this
study are consistent with chronic changes in humans. In humans, MD is significantly lower in
chronic SCI subjects across multiple levels of the upper cervical cord (Ellingson, Ulmer, Kurpad,
et al., 2008) compared to healthy controls and is coupled to a decrease in both AD and RD. In
the current study, a reduction in both MD and AD was evident, supporting a consistent
directionality of the changes. Although no significant RD changes were documented here, the
overall trends appear to be constant. The heterogeneity of human SCI, inherent differences
between human and rats, and the chronicity of the injury may be the cause of inconsistencies
between prior human studies and the current results. Nonetheless, under controlled
experimental settings, these results demonstrate consistent and evolving changes in the spinal
cord distant from the site of injury detected with DWI.
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Relationship Between Diffusion Metrics and Locomotor Function

Significant relationships were observed between the chronic MRI measures and BBB
scores. Voxelwise analyses revealed a significant positive correlation between ADFWE and BBB
scores in the ventrolateral white matter. This is compatible with axonal injury, which has
previously been shown to correlate strongly with AD (Budde, Xie, Cross, & Song, 2009; Kim et al.,
2006; Schwartz & Hackney, 2003; Song et al., 2003). Focal enlargements, also known as neurite
beading, are a common feature of Wallerian degeneration and have been implicated in
decreased diffusion along white matter tracts (Skinner et al., 2015). The sensitivity of MD to
injury severity appears to be widespread throughout both white and gray matter of the cord
which is consistent with ex vivo diffusion data previously observed in our laboratory (Jirjis et al.,
2013). Specifically, Jirjis et. al. 2013 reported a strong correlation between ex vivo cervical
spinal cord (C1-C7) MD and AD measurements and BBB at 10 weeks post injury. However, these
strong ex vivo correlations were not observed in vivo in the current study.
Several mechanisms could be posited to explain the increase in estimated free water in
the gray matter and its strong correlation with injury severity. Previous histologic studies have
demonstrated microscopic changes in the gray matter distant from the injury site after SCI.
Increased expression of chondroitin sulfate proteoglycans (CSPGs), neurocan, brevican, and NG2
in the distant dorsal columns was reported after a thoracic injury (Andrews, Richards, Yin,
Viapiano, & Jakeman, 2012; Massey et al., 2008), with the greatest increase occurring at the
latest time point. Additionally, a higher frequency of large motor neurons and a significant
decrease in total number of dendrites and branching remote from the site of injury have been
previously reported (Bose, Parmer, Reier, & Thompson, 2005), which could lead to an increase
in free water. These microscopic changes and the formation of fluid-filled cavities could lead to
changes in free water.
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The timeline and mechanics of syrinx formation may also contribute to chronic changes
in the cord. Post-traumatic syringomyelia following SCI is a disorder characterized by the
development of a progressively expanding fluid-filled cavity within the spinal cord. Surrounded
by a this astrogliotic wall, the cavities are filled with extracellular fluid and may contain residual
macrophages, some connective tissue and blood vessels (Norenberg et al., 2004). While the
cavity is most frequently initiated in the gray matter at the injury site, it can extend above and
below the lesion and typically occurs in chronic injury (Schurch, Wichmann, & Rossier, 1996;
Umbach & Heilporn, 1991; Williams, 1990). The changes in MD and FWF observed in this study
do not implicate any single pathological feature. However, they do demonstrate that
differences in water compartmentalization may reflect ongoing pathological processes in the
injured cord. The lack of a change in bulk edema, as assessed by wet-dry weights in the cervical
cord, also highlight the greater sensitivity of DWI compared to gross measures of edema. The
results of this study are consistent with results in the human spinal cord demonstrating
persistent changes along the entire neuraxis after a localized trauma to the spinal cord
(Ellingson, Ulmer, Kurpad, et al., 2008; Freund, Weiskopf, et al., 2013; Petersen et al., 2012;
Shanmuganathan, Gullapalli, Zhuo, & Mirvis, 2008). Future studies to address the direct
pathological specificity of the changes and potential clinical implications are needed.

Methodological Considerations

The preprocessing pipeline and EPI artifact phase correction contributed to creating
high-quality data sets by reducing noise and motion artifacts. EPI is susceptible to a Nyquist
ghost artifact, which not only degrades image quality and SNR but also can result in inaccurate
EPI based quantitative diffusion measurements (Porter, Calamante, Gadian, & Connelly, 1999).
Furthermore, these artifacts are exacerbated by higher magnetic fields. Here, the ability to
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reconstruct images with minimal ghosting artifacts was shown, and even though the phase
correction artifact did not improve the quantitative metrics substantially, artifacts caused by
motion and scanner miscalibrations were significantly reduced. Spatial registration was found
to be improved using slice-by-slice registration. While the spinal cord toolbox (De Leener et al.,
2017) has demonstrated regularized slice-wise registration to be acceptable, the animal
positioning in this study also included some degree of rotation, which is not corrected using
translational or rigid-body transforms. Likewise, the spatial registration allowed regions of
interest analysis to be performed in a more consistent and reproducible manner as in previous
studies (A. R. Martin et al., 2017; Smith et al., 2018). This type of spatial registration could guide
future histological studies and allow more direct comparisons between diffusion and histology.
Some limitations of this study are associated with using BBB scoring as the only measure
of functional recovery. BBB scoring is subjective, and animals may not move during the short
test time. Previous research has shown that minor injuries to the cord may not be reflected in
the overall BBB scores (Agrawal, Kerr, Thakor, & All, 2011). Furthermore, inflammation,
incisions, and pain may prevent an accurate BBB evaluation at the early stages of injury
(Agrawal, Thakor, & All, 2009). The use of somatosensory evoked potentials (SSEP) may provide
a more objective measure of function although it requires additional preparation and
instrumentation. Further, biologic biomarkers have also shown promise as predictive
biomarkers (Kwon et al., 2017; Pouw et al., 2014). Imaging signatures and prognostic markers
are highly sought given the role imaging already plays in clinical diagnosis.

Conclusions

The FWE technique demonstrated potential for use in evaluating spinal cord injury. It
produced a clearer separation between white matter and CSF compared to conventional DTI
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and showed better sensitivity to locomotor recovery metrics. A strong correlation between BBB
and diffusion metrics, ADFWE, MDFWE, and FWFFWE, was observed chronically. Overall, results
show that advanced diffusion imaging techniques are sensitive to biological mechanisms of
spinal cord injury remote to the epicenter and have the potential to provide imaging biomarkers
for clinical diagnosis and management.
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Introduction

Decreased diffusion has been observed rostral and caudal to spinal cord injury (SCI) in
rats in both gray and white matter regions using ex vivo imaging (DeBoy et al., 2007; Ellingson,
Kurpad, et al., 2008; Jirjis et al., 2013; Loy et al., 2007; Vedantam et al., 2014) and in chronic
human subjects in vivo (Ellingson, Ulmer, & Schmit, 2008), however, the histopathological
changes that lead to altered diffusion distant from the injury site have not been fully
characterized. Diffusion Tensor Imaging (DTI) is a non-invasive method that is widely used in the
field of SCI to obtain measures of spinal cord viability, however, its use in the clinic has been
limited because determining the severity of injury can be complicated by to presence of
hemorrhage, edema, inflammation, and other secondary injury factors. Another major obstacle
in extending DTI into the clinic is that many patients with SCI obtain stabilization hardware at
the location of injury, which may cause artifacts and prevent an accurate evaluation of damage.
One approach to resolving this problem is to focus on distant regions of the spinal cord as
opposed to lesion site. This study aims to identify the histological correlates to changes in
diffusion distant from the injury epicenter.
In addition to primary injury factors, such as axonal damage, secondary injury processes,
even distant from the lesion site, could play a major role in MRI diffusion measurements.
Compression trauma to rat spinal cord induces apoptosis of glial cells, particularly
oligodendrocytes, at long distances from the initial injury, which leads to myelin degeneration
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and additional abnormalities of axonal function (Li, Farooque, Holtz, & Olsson, 1999). An
increase in density of macrophages and microglia have been observed as far as 10.4 mm away
from the injury epicenter in the rat spinal cord (Avellino et al., 1995b; Carlson et al., 1998) and
chronic demyelination has been documented throughout the whole cord after an insult (Totoiu
& Keirstead, 2005). Furthermore, these cell types typically remain activated for a prolonged
period of time (L. Wang et al., 2009). Phagocytosis and breakdown of damaged axons, including
myelin sheaths, has been observed rostral to injury (L. Wang et al., 2009). Astrocytes are
thought to play a limited role in phagocytosis, but they do, in fact, proliferate to fill the space
left behind by removed axons (L. Wang et al., 2009). Another early feature of Wallerian
degeneration is neurite beading, which is a focal enlargement typically associated with loss of
polarization and ion influx that likely contributes to MR diffusion measurements (Skinner et al.,
2015).
Axonal injury and demyelination within white matter are generally attributed to changes
in diffusion. Due to the organized nature of axonal tracks, axial diffusivity (AD), which measures
the unhindered diffusion along the spinal cord tracks and radial diffusivity (RD), which measures
diffusion perpendicular to the cord, are typically altered as the result of axonal injury. After a
spinal cord injury, anisotropy tends to decrease: AD decreases due to damage to the axons and
RD increases since some barriers to diffusion have been destroyed (DeBoy et al., 2007; Ford et
al., 1994; Schwartz, Chin, et al., 2005; Schwartz, Cooper, Fan, et al., 2005). In particular, AD has
been strongly associated with axonal injury, swelling and neurofilament and microtubule density
at the injury site (Budde et al., 2008, 2009; Kim et al., 2006; Schwartz & Hackney, 2003; Song et
al., 2003). AD might be a useful biomarker distant from the epicenter of a spinal injury since
axonal degeneration impacts spinal cord tissue distant from the injury epicenter.
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To explore the histological correlates of diffusion imaging of the spinal cord at sites
distant from the injury locus, MRI and histology were performed on the cervical spinal cord of T8
injured rats at three time points. A contusion injury of varying severities was induced and
histological measurements of astroglial proliferation and axonal damage were made in order to
characterize the relationship between injury severity and histological and DTI image parameters.

Methods

Thirty-three female Sprague-Dawley rats underwent a controlled T8 contusion injury at
one of four severities (sham n=8, mild n=8, moderate, n=9 severe, n=8) determined by the drop
height of a weight and received in vivo DTI scans at 2, 30, and 90 days post injury. Each week
functional post-injury motor behavior was assessed on the Basso, Beattie and Bresnahan (BBB)
scale, a measure of functional recovery and locomotion (Basso et al., 1995). Animals were
sacrificed at 90 days and 24 (6 of each injury severity) were used for the 90-day histology time
point. Two additional groups of 24 animals each (6 of each injury severity) were sacrificed at 2and 30-days post injury without being scanned. MRI data collection is described in Chapter 2.
All procedures were approved by the Institutional Animal Care and Use Committees (IACUC) at
Marquette University, Medical College of Wisconsin, and Zablocki VA Medical Center.

SCI Surgery

Rats underwent a graded spinal cord contusion injury at the T8 vertebral level using the
MASCIS impactor (W.M. Keck Center for Collaborative Neuroscience; Piscataway, NJ), which is a
widely-used injury model for experimental SCI in rodents (Gruner, 1992; Metz et al., 2000; W
Young, 2002; Wise Young, 2009). Rats were anesthetized with 4% inhaled isoflurane, ensuring
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absence of leg flexion-withdrawal and corneal reflexes prior to the procedure, 2.5% isoflurane
was maintained during the procedure. The back was shaved and sterilized with povidoneiodine, and a longitudinal incision was made over the mid-thoracic region. After gently moving
aside the muscle and placing retractors, the lamina at T8 was cut and removed to expose the
cord. The rat was suspended with clamps and the impactor rod was placed on the spinal cord
above T8. The contusion was performed by dropping the 10 g rod from a height of 12.5, 25, or
50 mm to induce a mild, moderate, or severe injury, respectively, with 10 animals in each
severity condition. The trajectory of the falling rod, impact velocity, cord compression distance,
time, and rate were recorded and were consistent with expected values. Cord compression
(mm) was also used as a parametric measure of injury severity. 10 sham animals underwent a
laminectomy with the weight briefly placed on the cord, but they did not experience the weight
drop. After the injury, the muscles were sutured in layers. After surgery, rats were placed on
postoperative care, including twice-daily bladder expression, one dose of enrofloxacin (10 mg/kg
subcutaneously; Bayer Healthcare LLC; Shawnee Mission, KS), buprenorphine hydrochloride
(0.1–0.5 mg/kg subcutaneously; Rickitt Benckiser Health Care Ltd; Hull, UK), and 6 cc of lactated
Ringer's solution. Animals were kept under postoperative care procedures until bladder
function returned and no signs of infection or stress were evident.

Histology

After the animals were euthanized with 0.22 ml/kg sodium pentobarbital (Merck & Co.,
Inc., Madison, NJ) and perfused with phosphate buffer saline (PBS) through the left cardiac
ventricle followed by 10% formalin (Sigma-Aldrich, Co., St. Louis, MO), the C5 segment of the
spinal cord was excised, immersed in formalin (Sigma-Aldrich, Co.) for 48 hours, and embedded
in paraffin. The tissue was sliced using a microtome, mounted on slides, deparaffinized, and
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rehydrated. Antigen retrieval was performed in a sodium citrate solution in a pressure cooker.
Sections were blocked in 2% blocking buffer (Thermo Scientific, Rockford, IL) for 5 min at room
temperature. Sections were incubated at room temperature overnight with the antibody to
either non-phosphorylated neurofilament (SMI32; 1:500; Biolegend, San Diego, CA) or glial
fibrillary acidic protein (GFAP; 1:1000; EMD Millipore Corp, Billerica, MA). After rinsing, goat
anti-mouse secondary antibody conjugated with Alexa Fluor (1:500, Life Technologies, Eugene,
OR) was applied. After washing, the sections were cover-slipped with Vectashield Mounting
Medium with 4’,6’-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc., Burlingame, CA).
Digital images were acquired using a confocal microscope (Leica Microsystems, Inc., Model TCS
SP8, Buffalo Grove, IL) at 20× magnification and 17600 pixels/cm resolution. Sections stained
with the same primary antibody were acquired using comparable settings for fluorescence light
intensity and exposure time. ROIs were manually drawn to segment white and gray matter.
Images stained for GFAP were quantified via coherency maps, as a measure of texture
using OrientationJ (Rezakhaniha et al., 2012) plugin in ImageJ (Wayne Rasband, National
Institutes of Health, Bethesda, MD). Coherency is an indicator of how oriented local image
features are. For each fifteen pixel kernel, a coherency value between 0 and 1 was calculated:
coherence takes on a value of 1 if the local structure has a dominant orientation or 0 if the
image is essentially isotopic in the local neighborhood (Rezakhaniha et al., 2012). Average white
matter coherencies were compared between time points and injury severities. Images stained
for SMI32 were thresholded in ImageJ (Wayne Rasband, National Institutes of Health, Bethesda,
MD) using maximum entropy of the image histogram (Kapur, Sahoo, & Wong, 1985), which is a
statistical measure of randomness. The number of objects above a threshold were counted and
axonal damage was quantified as the number of axons that stained positive for SMI32. For
pixel-wise analysis, coherency maps and thresholded SMI32 images were downsampled, with
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each pixel assigned a value corresponding to the percent area of positive staining. White and
gray matter regions of interest were registered with slice 6 (slice corresponding to the C5
segment) regions of interest of the DTI template.

Statistics

In ROI analyses comparing histological measures (coherency of astrocytes and number
of SMI32-stained axons), a two-way analysis of variance (ANOVA) was completed with time and
injury severity as independent factors. A Least Significant Difference post-hoc test was
performed for pairwise comparisons. All statistical procedures were considered statistically
significant at a p-value < 0.05.
In pixel-wise analyses, Spearman’s rank correlation coefficients were used to correlate
BBB scores with histological measures. Statistical tests were performed for each pixel and the
resulting p values were corrected for multiple comparisons by controlling for the false discovery
rate (Benjamini & Hochberg, 1995). Statistical maps were thresholded at a corrected p value of
0.05 and clusters of less than 3 pixels were removed. All statistical analyses were conducted
using the Statistical Package for Social Sciences (IBM Corp, 2017. Statistical Package for Social
Sciences: Version 25.0. Armonk, NY) and MATLAB (MathWorks, Natick, MA).

Results

Injured axons stained with SMI32 were localized and sensitive to both time after injury
and severity. Representative images of SMI32 samples of sham and severe specimens at all
three time points (2, 30, and 90 days post injury) are illustrated in Figure 3-1. Stained axons of
the cervical segment appeared predominantly in the fasciculus gracilis of the posterior column
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and on the periphery of ventrolateral white matter. At 2 days, the staining was widespread
throughout the white matter, while by the 90-day time point, it was limited to a narrow rim on
the edge of the cord in the ventrolateral region. Staining in the dorsal columns was similarly
diminished at 90 days, possibly due to tissue degradation as the result of the initial insult
directly to the dorsal region at the thoracic (T8) site.

Figure 3-1. Representative images of SMI32 stains.
Lateral white matter is shown in the top row and dorsal columns on the bottom row comparing
a sham specimen (left) with 2, 30, and 90 days post injury (DPI) severe animals (from left to
right, respectively). The dorsal columns and lateral white matter were the regions with the
greatest SMI32 staining. At the 2-day time point, staining was distributed throughout lateral
white matter, while at 90 days it was constrained to a narrow rim along the edge of the spinal
cord (upper right). Samples were obtained from spinal segment C5.
A two-way ANOVA of the entire white matter ROI revealed a significant effect of time
and injury severity in SMI32 staining as illustrated in Figure 3-2. The number of injured axons
increased with injury severity (p=0.000,F(3,72)=12.958), as was expected. Time after injury was
significant (p=0.000,F(2,72)=13.473), where the staining was most pronounced at 2 days and
tapered off by 90 days. The interaction between time and injury severity was also significant
(p=0.007,F(6,72)=3.333).
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Figure 3-2. ROI analysis of SMI32 staining.
Number of stained axons in white matter with error bars representing standard deviation.
There was an increase in staining with injury severity, which was most evident at 2 days. This
effect was smaller, yet still present at 90 days. The number of stained axons diminished over
time.
The negative relationship between the number of damaged axons and BBB scores was
strongest at 2 days and weakened over time which is shown in Figure 3-3. After averaging the
white matter ROIs in SMI32 stains, axonal damage correlated with BBB scores with r2 of 0.668
(p=0.000) at 2 days, r2=0.492 (p=0.000) at 30 days, and r2=0.510 (p=0.000) at 90 days. Pixel-wise
correlation revealed that staining in the dorsal columns and peripheral white matter were best
correlated with locomotion recovery (Figure 3-4). The correlation was strongest at 2 days (256
significant pixels out of 575) and diminished toward 30 days (150 significant pixels outs of 575)
and 90 days (104 significant pixels outs of 575).
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Figure 3-3. SMI32 staining vs BBB.
Number of SMI32 stained axons versus BBB scores at 2, 30, and 90 days.
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Figure 3-4. Pixel-wise correlations between axonal injury and BBB scores.
All significantly correlated pixels (corrected p < 0.05) are overlaid onto an average AD map. The
correlation is most prominent at 2 days.
Unlike SMI32, GFAP staining did not correlate with injury. Figure 3-5 shows
representative images of GFAP samples. No significant differences were found in staining
intensity between injured and non-injured samples. In some severe specimens, excessive
arborization was evident in the fasciculus gracilis and on the periphery of ventrolateral white
matter: cellular processes appeared to be fibrous and less organized. However, statistical
analysis of coherency did not reveal significant widespread effects of time
(p=0.414,F(2,72)=0.894), injury severity (p=0.078,F(3,72)=2.383), or interaction
(p=0.514,F(6,72)=0.882).
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Figure 3-5. Representative images of GFAP stains.
Lateral white matter is shown on the top row and dorsal columns on the bottom row comparing
sham specimen (left) with 2, 30, and 90 days post injury severe animals (from left to right
respectively). Samples were obtained from spinal segment C5.
Discussion

Overall, SMI32 staining showed most damaged axons at the earliest time point,
primarily in the dorsal columns and ventrolateral white matter. It was also strongly correlated
with functional recovery at 2 days while the correlation weakened over time. The astrocytic
response, however, did not appear to be correlated with injury. Diffusion results are presented
in Chapter 2. Briefly, the free water elimination method showed that ADFWE, MDFWE, and FWFFWE
(free water fraction) were correlated with functional recovery at the later time point, but not
acutely.

Histology and Time-Course of Injury

The presence of non-phosphorylated neurofilaments, as inferred by SMI32 staining, was
most pronounced at 2 days and diminished over time, while astrocytic response appeared to
normal in the cervical cord. After a mid-thoracic injury to the dorsal columns, no morphological
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changes are evident in the cervical cord until after 1 day (Buss et al., 2003). George and Griffin
illustrated that axonal degeneration progressed from the lower lumbar levels to the cervical
region in 25-28 hours (George & Griffin, 1994). By 3 days after a direct injury to the dorsal
columns, Buss et. al. noticed clear signs of degenerating axons rostral to the epicenter (Buss et
al., 2003), which is consistent with the strong SMI32 staining with the earliest time point in this
study. The activation of microglia and macrophages is delayed compared to the response in the
peripheral nervous system (PNS) and the cells do not fully invade the dorsal columns until 4
weeks of survival, which leads to a prolonged and incomplete phagocytosis (Buss et al., 2003).
This is evidenced by the presence of SMI32 positive debris as late as three months of survival,
which has also been previously documented (Buss et al., 2003; George & Griffin, 1994). In the
current study, SMI32 was strongly correlated with BBB scores, suggesting that it is more related
to injury at earlier time points, where the injured axons are still present, than at 90 days, where
many have been removed by the inflammatory response.
This study was unable to show a direct correlation between ADFWE and neurofilament
content, even though ADFWE is thought to reflect altered axonal integrity and neurofilament and
microtubule density (DeBoy et al., 2007; Kim et al., 2007; Kim, Song, Burke, & Magnuson, 2012;
Schwartz, Cooper, Fan, et al., 2005; Schwartz & Hackney, 2003). A likely interpretation of this
discrepancy is that damaged axons are removed at the later time points, when ADFWE is most
sensitive to injury. It is likely that the delayed decrease in diffusivity is reflective of later stages
of the loss of axonal tracts.
A normal-appearing astrocytic network was also documented throughout the timecourse rostral to injury, which is consistent with earlier findings (Becerra et al., 1995; Buss et al.,
2003). Astrocytic proliferation did not correlate with BBB scores or any DTI parameters,
suggesting that its influence on water diffusion in the cervical cord is minimal.
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Study Limitations

One major limitation of working with histology is staining variability between samples.
This can be difficult to control and normalize and the challenges are exacerbated by the complex
structure of astrocytes. As the result, the subtle changes related to injury could have been
masked by slight variations in tissue preparation and staining.

Clinical Implications for Imaging Biomarkers

Acute neurologic assessments, such as the ASIA (American Spinal Injury Association)
impairment scale, are poor predictors of future function after a contusive injury and modalities
for functional evaluation of spared tissue and potential for functional recovery are currently
lacking (Al-Habib et al., 2011; Kim et al., 2012). Severity of deficit and successful rehabilitation
depend on the type and number of axonal tracks that are damaged (Cohen-Adad, Leblond, et
al., 2011). Recovery of hindlimb stepping in rodents requires only 12-15% of spared white
matter at the injury site, but more complex coordination and precision stepping requires
considerably more trans-contusion communication (Basso et al., 1996; Kim et al., 2012; Kuerzi et
al., 2010; Schucht, Raineteau, Schwab, & Fouad, 2002). In order to apply our current common
knowledge of neural functional and plasticity to functional recovery, better outcome measures
and imaging modalities are required. DTI has the potential to become such as biomarker,
however, due to the slow progression of axonal degeneration, changes remote from injury are
challenging to detect acutely.

57
Conclusion

Using voxel-based statistical analysis, this study directly compared in vivo diffusion
parameters with axonal injury in rat cervical spinal cord after a low-thoracic contusion injury.
SMI32, a measure of injured axons, showed a fast response to injury; AD, on the other hand,
was not sensitive to injury acutely, but better correlated to injury severity at later time points.
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Introduction

Loss of function following spinal cord injury (SCI) is largely caused by direct damage to
white matter tracts; however, the response to injury also occurs throughout the spinal cord in a
cascade of secondary injury factors, such as edema, axonal degeneration, and inflammation
(Griffiths & Miller, 1974; Němeček, Petr, Šuba, Rozsíval, & Mělka, 1977; Sharma, 2005; Tator &
Fehlings, 1991). Magnetic resonance imaging (MRI) distant from the injury site might provide
valuable information about the severity of an injury while avoiding complications associated
with imaging the injury site itself. For example, changes in ex vivo diffusion MRI parameters
have been documented away from the epicenter of injury in contusion-injured rats and are
strongly correlated with the severity of injury (DeBoy et al., 2007; Ellingson, Kurpad, et al., 2008;
Jirjis et al., 2013; Loy et al., 2007; Vedantam et al., 2014). Unfortunately, MRI diffusion
measurements made distant from the injury during in vivo imaging have not yielded similar
results; however, when a free water elimination technique is used, corrected diffusion
parameters were correlated with injury severity (Chapter 2). Together, these results suggest
that there is a disruption in water balance in areas distant from a traumatic spinal cord injury.
Therefore, the goal of this study was to investigate changes in overall water content in the
cervical spinal cord after a thoracic injury using quantitative T2 (qT2) imaging and evaluate its
relationship to the extent of injury.
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Based on clinical observations using T2 weighted images, qT2 imaging might provide
additional insight into spinal cord injury severity. Standard clinical MRI contrast between
normal and pathologic tissue in the spinal cord is based on hyperintensity in T2 images; however,
the use of T2 weighted images has largely been qualitative (MacKay et al., 2006; Whittall et al.,
1997). In biological tissue, which has multiple water compartments, spin-spin relaxation results
in a multiexponential time decay, which is reflective of the chemical environment (Kozlowski,
Liu, et al., 2008). When tissue is damaged, as in a spinal cord injury, qT2 imaging takes
advantage of changes in the relaxation times of water in the different water compartments. The
shortest relaxation time (10-50ms) is typically attributed to water trapped in myelin sheaths
surrounding the axons, intermediate time (70-90ms) is associated with intra/extracellular water
or tissue water, and the longest (~2s) with cerebrospinal fluid (CSF) or free water (Cornelia
Laule et al., 2007; Oakden et al., 2015; Vavasour et al., 1998). Based on this knowledge, the
fraction of water present in these pools can be inferred using qT2 imaging.
After spinal cord injury, qT2 might be useful in characterizing tissue changes distant from
the injury site, since T2 relaxation times change with pathologies such as demyelination, edema,
and cellular swelling. Myelin water fraction, as measured using qT2, correlates with histological
myelin staining (C. Laule et al., 2006; Cornelia Laule et al., 2008; MacKay et al., 1994; Webb et
al., 2003; Whittall et al., 1997) and therefore, has been used to study axonal myelination in the
brain of healthy people (Whittall et al., 1997) as well as multiple sclerosis (Kolind et al., 2012; C.
Laule et al., 2006; Levesque et al., 2010; Tozer, Davies, Altmann, Miller, & Tofts, 2005; Vavasour
et al., 1998). Water compartmental changes are also expected in the spinal cord after a
traumatic injury as axons, neurofilaments, and microtubules undergo cytoskeletal
reorganization and degradation (Gallyas et al., 2002). Similarly, qT2 has been used to measure
edema in rat spinal cord injury, with histological confirmation (Harkins et al., 2013; Oakden et
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al., 2015). As water content increases in the presence of edema and inflammation, a shift in the
T2 component occurs (Harkins et al., 2013); the long T2 component shifts to greater T2 values
when inflammation occurs without loss of myelin (Stanisz, Webb, Munro, Run, & Midha, 2004).
Consequently, qT2 might provide insight into changes in water compartments distant from an
injury that underlie differences in in vivo and ex vivo diffusion imaging in contusion injury of the
rat spinal cord.
To identify changes in water compartments distant from an injury epicenter, qT2 was
measured in the cervical cord after a thoracic contusion injury in rats. This approach included
qT2 measurements of cervical gray and white matter at three time points after injury and at four
different injury severities.

Methods

Forty-two female Sprague-Dawley rats (250-300 g) underwent a controlled T8 contusion
injury at one of the four severities determined by the drop height of a weight. The rats received
in vivo DTI scans at 2, 30, and 90 days post injury. Each week functional post-injury motor
behavior was assessed on the Basso, Beattie and Bresnahan (BBB) scale (Basso et al., 1995), a
measure of functional recovery and locomotion. All procedures were approved by the
Institutional Animal Care and Use Committees (IACUC) at Marquette University, Medical College
of Wisconsin, and Zablocki VA Medical Center.

SCI Surgery

A laminectomy over the low thoracic region (T7-T9) was performed using standard
sterile procedure to expose the spinal cord after the rats were anesthetized using 4% inhaled
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isoflurane (Forane, Baxter Healthcare Corporation, Deerfield, IL). A MASCIS impactor (W.M.
Keck Center for Collaborative Neuroscience, Piscataway, NJ) was dropped directly onto the dura
at the T8 level to create a contusion injury. A 10 g rod was dropped from 12.5, 25, or 50 mm for
a mild, moderate, or severe injury, respectively. The biomechanics of each impact was recorded
as the extent of cord compression (mm) to assure a consistent contusion. Sham animals
underwent a laminectomy without a weight drop. The wound was closed in layers after the
injury. After surgery, rats were placed on postoperative care, including twice-daily bladder
expression, one dose of enrofloxacin (10 mg/kg subcutaneously; Bayer Healthcare LLC; Shawnee
Mission, KS), buprenorphine hydrochloride (0.1–0.5 mg/kg subcutaneously; Rickitt Benckiser
Health Care Ltd; Hull, UK), and 6 cc of lactated Ringer's solution. Animals were kept under
postoperative care procedures until bladder function returned and no signs of infection or stress
were evident. All rats survived the injury procedures, but two animals were euthanized prior to
the final timepoint due to complications.

Quantitative T2 Imaging

In vivo MRI was performed using a 9.4T Bruker BioSpec Imaging System (Bruker BioSpin;
Billerica, MA) using a commercial 3.8 cm inner diameter quadrature Litz volume coil (Doty
Scientific, South Carolina). Anesthetized animals were placed prone in a custom head holder
with ear bars to minimize motion as previously described (Zakszewski et al., 2015). The
maintenance dosage of anesthesia was 1.5-2.5% isoflurane (Forane, Baxter Healthcare
Corporation, Deerfield, IL) to ensure a consistent rate of 40-60 breaths per minute. A CarrPurcell-Meiboom-Gill (CPMG) spin-echo pulse sequence (Poon & Henkelman, 1992) was utilized
with TR/TE/echo spacing = 6000/6.5/6.5 ms, number of echoes = 42, NEX = 2, and slice thickness
of 1.75 mm. For each animal, one axial slice was acquired over C4 spinal segment.
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T2 maps were registered to a common study-specific template space using iterative
registration with Advanced Normalization Tools (Avants, Tustison, & Song, 2009) and a
procedure was similar in principle to methods implemented in FSL (Andersson & Sotiropoulos,
2016). Briefly, the second echo of each sample, which showed the best contrast between gray
and white matter, was used to generate the template. Initially, all of the samples are averaged
together, registered to the mean, and a new average was generated. This was performed
iteratively using registration with increasing degrees of freedom from translation, rigid, and
nonlinear warp. Once the template was completed, each echo in the datasets was registered
using a single transformation and interpolation step. Regions of interest (ROIs) were manually
traced on the template to segment white and gray matter; the dorsal columns, which were
included in the white matter ROI, were also considered separately.
White matter, gray matter, and dorsal column ROIs were averaged and signal decay
curves for each animal were generated. The Multi Exponential Relaxation Analysis (MERA)
toolbox (Does, n.d.) was used to compute the continuous T2 spectra using the nonnegative-least
squares (NNLS) procedure with a minimum curvature constraint (Lawson & Hanson, 1994;
Whittall & MacKay, 1989). In addition to the ROI decay curves, decay spectra were also
generated for each pixel, examples of both curves are illustrated in Figure 4-1. The T2 axis was
partitioned into 100 logarithmically spaced values between 6.5 ms and 546 ms. The ROI decay
curves were used to determine the cutoff times to classify peaks in the T2 distributions as
belonging to one of three categories: myelin water (6.5 – 13.3 ms), tissue water (13.3 – 244 ms),
and free water (≥244 ms). Peak T2 times were also determined for each category and each ROI.
The fractional area of each peak was calculated with respect to the total area under the T2
distribution. Water fraction maps were created by displaying the water fraction for each tissue
type at each pixel in the image.
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Figure 4-1. T2 signal decay curve and T2 distribution.
The signal decay on the left was generated from the whole cord ROI of one sample. On the right,
is the corresponding T2 distribution with three peaks corresponding to myelin, tissue water, and
CSF, respectively.
Statistics

qT2 metrics, MWF, TWF, FWF, and peak T2 times, were analyzed for an effect of injury,
time, or time by injury interaction. This was done using a bootstrap-based non-parametric
mixed-effect ANOVA method with 10,000 iterations (Zhou & Wong, 2011) with injury severity as
a fixed factor and time as a repeated measure. Each of the metrics were assessed with a
significance threshold of p<0.05 adjusted for multiple comparisons using the Bonferroni
correction. A linear regression analysis was performed to identify if any of the ROI-derived
imaging metrics would be able to predict the animals’ functional recovery, as measured by BBB
scores. In this case, BBB scores at each of the time points served as dependent variables and
MWF, TWF, FWF, and peak T2 times were considered independent. All statistical analyses were
conducted using SPSS (IBM Corp, 2017. Statistical Package for Social Sciences: Version 25.0.
Armonk, NY) and MATLAB (MathWorks, Natick, MA).
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Results

qT2 imaging was performed in the cervical cord of contused rats after a thoracic injury.
Water fractions, and T2 peak times were calculated for myelin, tissue (intra/extracellular) water,
and free water. Overall, qT2 water fractions were not sensitive to injury, however, tissue T2 peak
time correlated with functional recovery at 90 days post injury. T2 spectral for all 90-day
individual samples are illustrated in Figure 4-2.

Figure 4-2. T2 spectra of individual samples for each ROI.
Spectra from individual samples at 90 days post injury is represented by dashed lines, with solid
lines showing means grouped by severity. Each distribution is normalized by the area under the
curve.
Average water fraction maps for myelin and tissue water are shown in Figures 4-3 and 44 along with average parameters for each ROI. Myelin water fraction maps and tissue water
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fraction maps generated in vivo showed contrast between white matter and gray matter,
reflecting the characteristic butterfly shape typically observed for gray matter in the cervical
cord. In the ROI analysis, no effect of severity or time severity interaction were observed for
MWF, TWF, FWF, or peak times. MWF showed a significant effect of time in white matter
(p=0.0003, F(2,60)=7.9962) and dorsal columns (p=0.0025, F(2,60)=6.9192) and TWF had a
significant effect of time in white matter (p=0.0013, F(2,60)=7.4747).

Figure 4-3. Myelin water fraction at C4 spinal segment.
Mean MWF maps across all animals (left) and ROI averages of MWF are shown with error bars
representing standard deviation (right). MWF decreased with time after injury, but no
significant relationship to severity was observed.
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Figure 4-4. Tissue water fraction at C4 spinal segment.
Mean TWF maps across all animals (left) and ROI averages of TWF are shown with error bars
representing standard deviation (right). TWF increased slightly with time after injury but did not
appear to change with severity.
The peak T2 time for tissue shifted to lower values with time post injury as shown in
Figure 4-5. Tissue peak time showed a significant effect of time in white matter (p=0.0038,
F(2,60)=5.6837) and in gray matter (p=0.0002, F(2,60)=9.3107). However, no significant
correlation with injury severity in white matter (p=0.4539, F(2,60=0.9037), gray matter
(p=0.6952,F(2,60)=0.4804) or dorsal columns (p=0.8546, F(2,60)=0.4075) or interaction in white
matter (p=0.9221, F(2,60)=0.3355), gray matter (p=0.7428, F(2,60)=0.5843), or dorsal columns
(p=0.7523, F(2,60)=0.6623) were observed.
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Figure 4-5. Tissue peak time.
Tissue peak time is shown with error bars representing standard deviation. A trend of
decreasing peak T2 time with severity was observed.
Table 4-1 lists the results of the linear regression of each parameter to BBB scores at 90
days. Tissue peak time was the only significant parameter in the linear regression analysis,
showing a relationship between 90-day tissue time in white matter ROI with 90-day BBB scores
(p=0.009, r2=0.160).

Table 4-1. qT2 metric correlations with BBB scores at 90 DPI.
Tissue peak time was the only metric that significantly correlated with 90-day BBB scores.
White Matter

2 DPI

30 DPI

90 DPI

MWF
TWF
FWF
Tissue Peak Time
MWF
TWF
FWF
Tissue Peak Time
MWF
TWF
FWF
Tissue Peak Time

R2
-0.01
0.01
0.01
0.01
0.00
0.01
-0.02
0.03
0.02
0.06
0.03
0.16

P
0.41
0.26
0.25
0.27
0.29
0.28
0.56
0.15
0.20
0.15
0.15
0.01

Gray Matter
R2
-0.03
-0.03
-0.02
-0.03
-0.03
0.01
-0.03
-0.03
0.06
-0.01
-0.03
0.00

P
0.94
0.98
0.65
0.86
0.85
0.66
0.91
0.79
0.09
0.39
0.99
0.30

Dorsal Columns
R2
-0.02
-0.02
0.01
-0.01
-0.02
-0.03
-0.02
-0.03
-0.03
0.00
-0.03
-0.03

P
0.72
0.68
0.28
0.43
0.55
0.92
0.63
0.73
0.82
0.83
0.87
0.98
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Discussion

In this study, no significant correlations were observed between qT2 parameters and
injury severity in the cervical cord after a low-thoracic injury. Myelin, tissue, and free water
fractions at C4 did not appear to correlate with severity. Tissue peak time was also not
significantly correlated but showed a trend of decreasing T2 time with extend of injury. T2 values
separating distinct peaks vary in literature, but the values used here are in agreement with
others reported for myelin and tissue water (Kozlowski, Liu, et al., 2008; Oakden et al., 2015).

Relationship Between qT2 Parameters and Edema

Several studies have shown correlations with edema and qT2 measurements at the
injury site after a spinal cord injury (Harkins et al., 2013; Oakden et al., 2015), specifically in
tissue water, but to our knowledge, none have looked at regions remote from the injury
epicenter. For example, at the site of injury, an increase in the tissue water peak 24 hours after
injury was evident both in gray and white matter and was histologically correlated to
vacuolation and/or edema (Oakden et al., 2015). An increase of myelin water has also been
correlated with presence of hemorrhage (Oakden et al., 2015). After one to two weeks,
presence of water-filled cavities was correlated with increase in free water fraction (Oakden et
al., 2015). The extent of edema has been directly linked to injury severity (Wagner & Stewart,
1981), so in order to aid diagnosis, it is crucial to understand the compartmental changes that
may subsequently lead to changes in edema and diffusion. Quantifying the presence of water in
different tissue compartments has potential implications for prognosis, since edema has been
linked to increased tissue damage and worsening functional outcomes (Leonard, Thornton, &
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Vink, 2015) and reducing edema has also been shown to improve recovery (Ge et al., 2013;
Ning, Dang, Bai, Zhang, & Wang, 2012; Sharma, 2011).
There is evidence of spread of edema both in rostral and caudal directions after SCI in
literature, however, it appears to be constrained to segments directly adjacent to the lesion. A
study of spinal cord injury in rabbits found that edema was limited to the 2-3 cm segment during
24-48 hours after injury (Němeček et al., 1977). In cats, a similar spread of one segment has also
been observed, however, the same group also noted that the extent of longitudinal spread of
fluid was directly related to severity (Wagner & Stewart, 1981). A similar relationship has been
observed in canines, where the spread of edema was noted one segment away 6 hours after
injury (Griffiths & Miller, 1974). It is believed that tissue pressure gradients are responsible for
the spread of fluid across the cord (Sharma, 2005).
In this report, water content measurements did not show evidence of edema rostral to
the lesion. However, our group has documented that the amount of freely diffusing water in
gray matter, as measured by diffusion tensor imaging with free water elimination (DTIFWE) is
strongly correlated to injury severity at 90 DPI (Chapter 2). It is surprising that the gray matter
changes measured by free water elimination were not reflected in the tissue water fraction
measurement, though there are several possible explanations. qT2 may not be sensitive to water
changes this far from the lesion. Furthermore, it is possible that the results measured with
DTIFWE would be reflected in the long T2 component, but the echo times necessary to sample the
freely diffusing water were too short.
The lack of correlation of MWF with injury could be the results of the technique’s
inability to distinguish between debris and functional myelin (Kozlowski, Rosicka, Liu, Yung, &
Tetzlaff, 2014). Major white matter tracks become damaged after a dorsal column transection,
which leads to degeneration of axonal tracts cranially and caudally to injury and presence of
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myelin debris in the cuneate fascicle. A few studies have shown regions encompassing myelin
debris and intact white matter regions have similar T2 values and distributions (Kozlowski, Liu, et
al., 2008; Webb et al., 2003). Myelin debris can persist for several months after the injury, thus
confounding the qT2 measurement (H. S.-M. Chen, Holmes, Liu, Tetzlaff, & Kozlowski, 2017).
Furthermore, Ziegler and colleagues, in a study of human SCI, have found that
neurodegenerative changes progress linearly over time, reflecting accumulating loss of myelin
and suggesting that changes may become more prominent over time (Ziegler et al., 2018).

Intercompartmental Water Exchange

No significant changes in mean T2 peak time were observed here, however, a trend of
decreasing T2 time with injury severity was evident in the white matter. Furthermore, linear
regression showed a relationship between functional recovery and mean T2 peak time. qT2
imaging relies on the fundamental assumption that water exists in isolated compartments
(Levesque & Pike, 2009) and its properties are known to be effected by water exchange (Dula,
Gochberg, Valentine, Valentine, & Does, 2010; Harkins, Dula, & Does, 2012). Harkins et. al.
observed changes in tracts with smaller axons and thinner myelin a shift in the T2 spectra toward
lower apparent T2 times, which is indicative of intercompartmental water exchange (Dula et al.,
2010; Harkins et al., 2012; Levesque & Pike, 2009). White matter tends to have relatively small
diameter and thin myelin, which means water is able to move more freely within these
compartments, resulting in a faster intercompartmental exchange rate (Dula et al., 2010). Other
possible explanations for observed decrease in the geometric mean T2 value of the intra/
extracellular water component are the presence of infiltrating macrophages: an increase in the
amount of non-myelin macromolecules would decrease T2 values (McCreary et al., 2009).
McCreary at. el. observed a decrease in the geometric mean in the intra/ extracellular water
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component compared to controls, suggesting that this may be due to an increase in the
diffusion distance of water caused by the breakdown of myelin (McCreary et al., 2009).

Study Limitations

One limitation of the present study is limited spatial resolution of in vivo MRI, which
becomes a factor especially at the later time points when some of the axonal tracts shrink, such
as fasciculus gracilis. Spatial resolution is dependent on the signal-to-noise ratio and total
acquisition time. Since increasing acquisition time for imaging live animals is not feasible,
resolution becomes a trade-off of in vivo imaging. It is difficult to consistently select ROIs
encompassing only individual tracts. Hence, ROIs were selected from the entire dorsal column,
leading to potential dilution of the injury effect by including all dorsal column white matter
rather than only the tracts expected to be most indicative of injury.

Conclusion

MR imaging of SCI at the injury site is problematic, so this study used qT2 imaging to
investigate presence of water in different compartments rostral to the injury epicenter. qT2
parameters did not correlate with injury remote from the injury site; however, some evidence of
a T2 shift of the tissue water compartment to lower T2 values is evident, which could be
indicative of water exchange between the compartments.
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Introduction

In diffusion weighted imaging (DWI) of the spinal cord, manipulation of diffusion time
might provide additional information about the underlying structure of the tissues that would
aid in predicting outcomes after injury. In the central nervous system (CNS), diffusion contrast is
primarily determined by the presence of restrictive barriers (Does et al., 2003). For typical in
vivo experiments, effective diffusion time (Δeff), or the period during which the diffusion of
molecules within their microenvironment is measured, is one or two orders of magnitude longer
than intrinsic diffusion. This means that molecular interactions with structural barriers have a
strong impact on the measures of apparent diffusion coefficient (ADC) and as diffusion time
increases, the probability of molecules encountering barriers increases. As a result, the ADCs
measured with DWI are generally lower than the intrinsic diffusion coefficient of tissue due to
restricted movement of molecules. Furthermore, scales of restrictions vary, and typical
experiments are only able to capture the integrated effect from all barriers. Modulating
diffusion times may allow the separation of structures with different spatial dimensions and aid
in the investigation of restricted diffusion in complex media. Extremely short diffusion times
are, however, difficult to achieve with conventional diffusion sequences, due to gradient
strength and gradient rise time limitations (Aggarwal et al., 2012; Parsons et al., 2003). The
oscillating gradient spin echo (OGSE) sequence, which is implemented in this study, uses

73
sinusoidally oscillating gradient waveforms in place of the traditional pulsed gradient spin echo
(PGSE) gradients to probe shorter diffusion times.
Diffusion time dependency has been reported in both simulation and brain studies.
PGSE is sensitive to large scale diffusion changes, particularly in the extracellular space, and
typical ADC measurements are dominated by cell boundaries and membrane permeability on
the cellular scale (Junzhong Xu et al., 2012; Junzhong Xu, Does, & Gore, 2009b). OGSE, on the
other hand, has the potential to distinguish changes on the sub-cellular level (Gore et al., 2010).
Long and short diffusion times have been compared in studies of cellular structures, such as
organelles (Colvin et al., 2011), axonal diameter (Kakkar et al., 2017; J Xu et al., 2012), and intraand extra-axonal space volume (Junzhong Xu et al., 2014). The OGSE technique has also been
utilized in the healthy brain (Baron & Beaulieu, 2014) and pathologic states, such as tumors
(Colvin et al., 2011b; Xu et al., 2012b) and ischemic stroke (Does et al., 2003). In healthy tissue,
fractional anisotropy (FA) measured with OGSE is lower than FA of PGSE and mean diffusivity
(MD) is higher (Baron et al., 2015). Both axial diffusivity (AD) and radial diffusivity (RD) are also
higher at shorter diffusion times, with AD exhibiting larger changes (Baron et al., 2015). Very
little research, however, has been done in the spinal cord to date (Xu et al., 2012; Junzhong Xu
et al., 2014).
The present work was used to test the feasibility of using OGSE measurements to
predict injury severity after a thoracic (T10) spinal cord contusion. Diffusion parameters for
three diffusion times (PGSE – 31 ms, OGSE – 3.5 ms, OGSE – 1.75 ms) were calculated both at
the injury site and in the upper cervical cord, cranial to injury, at three different time points.
Both OGSE and PGSE diffusion parameters were tested for correlation with locomotor recovery.
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Methods

Fourteen female Sprague-Dawley rats (250-300 g) were used for this experiment. Seven
of the rats underwent a severe spinal cord contusion injury at the T10 vertebral level and seven
rats were used as sham controls. The animals received in vivo DTI scans at 1, 30, and 90 days
post injury and three effective diffusion times were investigated. Each week the rats’ functional
post-injury motor behavior was assessed on the Basso, Beattie and Bresnahan (BBB) scale (Basso
et al., 1995), following standard procedure, as a measure of functional recovery and locomotion.
All procedures were approved by the Institutional Animal Care and Use Committees (IACUC) at
Marquette University, Medical College of Wisconsin, and Zablocki VA Medical Center.

SCI Surgery

Rats were anesthetized with 4% inhaled isoflurane, ensuring absence of leg flexionwithdrawal and corneal reflexes prior to surgery and 2.5% isoflurane was maintained during the
procedure. The back was shaved and sterilized with povidone-iodine, and a laminectomy was
performed over the mid-thoracic region (T9-11). The animal was then positioned in the
impactor, and a 10 g rod was dropped from a height of 50 mm to induce a severe injury using a
MASCIS impactor (W.M. Keck Center for Collaborative Neuroscience, Piscataway, NJ), which is a
widely used injury model for experimental SCI in rodents (Gruner, 1992; Metz et al., 2000; W
Young, 2002; Wise Young, 2009). The trajectory of the falling rod, impact velocity, cord
compression distance, time, and rate were recorded and were consistent with expected values.
The sham animals underwent a laminectomy and a weight was placed on the cord, but they did
not experience the weight drop. After surgery, the wound was closed in layers and rats were
placed on postoperative care, including twice-daily bladder expression, one dose of enrofloxacin
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(10 mg/kg subcutaneously; Bayer Healthcare LLC; Shawnee Mission, KS), buprenorphine
hydrochloride (0.1–0.5 mg/kg subcutaneously; Rickitt Benckiser Health Care Ltd; Hull, UK), and 6
cc of lactated Ringer's solution. Animals were kept under postoperative care procedures until
bladder function returned and no signs of infection or stress were evident. All rats survived the
injury procedure, but one of the animals was euthanized prior to 90 days due to medical
complications.

Magnetic Resonance Imaging

In vivo MRI was performed using a 9.4T Bruker BioSpec 9.4 T System (Bruker BioSpin;
Billerica, MA). Before animal data was collected, a water phantom was used to ensure that the
same b value was being used for both OGSE and PGSE sequences. An inner tube filled with
water was placed inside a larger tube with ice water (Chenevert et al., 2011). The intention was
to maintain a temperature of 0°C in the inner tube, which would result in an apparent diffusion
coefficient of 1.0 µm2/s in all directions. Four diffusion timing protocols were used: Δeff=1.7 ms
(OGSE, 150 Hz), Δeff=2.5 ms (OGSE, 100 Hz), Δeff=5 ms (OGSE, 50 Hz), and Δeff=10 ms (PGSE). All
protocols employed a b-value of 200 s/mm2 and 8 signal averages were used to acquire diffusion
images in 3 unique directions and 1 non-diffusion weighted image. A 4-shot, EPI acquisition
(TE=57.87 ms; TR=1600 ms) was used with an 80 mm2 field of view and matrix of 962. Initially,
three OGSE frequencies were considered: 50, 100 and 150 Hz, however, due to long scan time
requirements, two frequencies of 71 Hz and 142 Hz were chosen for the animal studies.
For the animal scans, anesthetized rats were placed in the scanner and fitted with a
respiratory sensor. For thoracic spinal cord imaging, a commercial, 4-channel surface coil array
(Bruker BioSpin) was used for signal reception along with a 9 cm inner diameter linear volume
coil for transmission. For cervical cord imaging, a commercial 3.8 cm inner diameter quadrature
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Litz volume coil (Doty Scientific, South Carolina) was used. Three diffusion protocols were
acquired using Δeff=1.75 ms (OGSE, 142 Hz), Δeff=3.5 ms (OGSE, 71 Hz), and Δeff=31 ms (PGSE).
The protocol parameters are summarized in Table 5-1. All protocols employed a b-value of 200
s/mm2 and 8 signal averages were used to acquire 14 unique directions and 3 non-diffusion
weighted images. A 4-shot, respiratory-gated EPI acquisition (TE=45.59 ms; TR=2000 ms) was
used with a 15.84 mm2 field of view, matrix of 962, nominal spatial resolution of 0.165x0.165
mm2, slice thickness of 1.5 mm and 0.25 mm gap. The same protocols were used in the thoracic
and cervical cord. A total of 12 slices were collected at two locations: centered over the lesion
at the T10 vertebral level in the thoracic cord and starting at the base of the cerebellum in the
cervical cord in the caudal direction.

Table 5-1. Diffusion-weighting parameters for the PGSE and OGSE experiments.
Effective diffusion time (Δeff), oscillating frequency (F), number oscillating periods (N), and b
value are listed for each waveform.
b (s/mm2)

Waveform type

Δeff (ms)

F (Hz)

N

OGSE

1.75

142

2

200

OGSE

3.5

71

1

200

PGSE

31

0

-

200

The PGSE and OGSE waveforms are reproduced in Figure 5-1. The conventional PGSE
acquisition employed a diffusion weighted echo planar imaging (DW-EPI) sequence with a
diffusion duration of (δ) 3 ms and separation (Δ) of 32 ms. The OGSE waveforms consisted of
cosine-modulated gradients with the initial and last half-cosine lobes replaced with sine lobes of
twice the target frequency (Aggarwal et al., 2012; Baron & Beaulieu, 2014). The 142 Hz OGSE
protocol used two periods per gradient waveform, while the 71 Hz OGSE protocol used 1 period,
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thereby maintaining an equal total diffusion gradient time and b-value. The duration of both
oscillating gradient pulses (T) was 14 ms.

Figure 5-1. PGSE and OGSE waveforms.
Gradient waveforms used in PGSE and OGSE sequences with oscillation frequencies of 71 Hz and
142 Hz respectively are reproduced. The magnitudes of the waveforms have been normalized
to the range of -1 to 1, based on the maximum gradient amplitude of the scanner.
In the thoracic cord, a Double Diffusion Encoding (DDE) pulse sequence was
implemented to provide better contrast for the extraction of the cord using previously published
methodology (Skinner, Kurpad, Schmit, Muftuler, & Budde, 2017). Briefly, this technique
applied a diffusion gradient pulse perpendicular to the cord, in order to suppress signal
experiencing free or hindered diffusion behavior, while allowing spins in the perpendicular
direction to maintain their coherent magnetization. Then, a parallel gradient diffusion pulse was
applied along the main axis of the spinal cord, which probes the diffusion of restricted spins.
This approach effectively suppresses non-neuronal signal. The DDE-EPI sequence used identical
parameters as the PGSE, except for the following: TR=1600 ms, TE=31.52 ms. The filter b-value
of 2000 s/mm2 and probe b-values ranging from 0–3000 s/mm2 in increments of 250 s/mm2
were used with equivalent diffusion gradient duration (12.25 ms) and separation (6 ms) for each
of the diffusion gradient pairs.
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The preprocessing pipeline included correction for motion and eddy currents. The EPI
phase correction to minimize ghosting artifacts was based on Chen at al. 2011 and has been
previously described in Chapter 2. FSL was used to correct for eddy currents and motion
(Andersson & Sotiropoulos, 2016) and to calculate diffusion parameter maps (FA, MD, AD, and
RD) on a voxel-by-voxel basis (Jenkinson et al., 2012).
In the thoracic cord, ImageJ (Schneider, Rasband, & Eliceiri, 2012) was used to
automatically threshold DDE images to extract whole cord masks. Due to widespread damage
to the cord at the site of injury, it was not feasible to extract regions of white and gray matter.
Regions with low FA and high MD were manually excluded to avoid contaminating the results by
cysts and fluid-filled cavities.
In the cervical cord, all parameter maps were spatially registered to a common studyspecific template space using slice-by-slice iterative registration with Advanced Normalization
Tools (ANTS) software (Avants et al., 2014). FA and MD maps contain high contrast between
WM, GM, and CSF and were jointly used for all registration steps. The template was created by
registering all images to the initial mean using increasing degrees of freedom from rigid, affine,
and non-linear registration, with 3 iterations at each step. Once the template was completed,
each dataset was re-registered to the template using a single transformation and interpolation
step, and all other DWI parameter maps were similarly transformed. Due to the large slice gap,
no interpolation along the slice axis was performed. Regions of interest (ROIs) were manually
traced on the template to segment white and gray matter.

Statistical Analysis

A mixed-effects ANOVA was used to analyze ROI values using injury severity (sham and
severe) as a fixed effect and time post injury and effective diffusion time as repeated factors.
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Each of the metrics was assessed with a significance threshold of p<0.05 adjusted for multiple
comparisons using Bonferroni correction. All statistical analyses were conducted using SPSS
(IBM Corp, 2017. Statistical Package for Social Sciences: Version 25.0. Armonk, NY).

Results

Water Phantom

A representative ADC map of the water phantom is illustrated in Figure 5-2. Based on
the ROI data, it is evident that similar ADC values were calculated from the PGSE and OGSE data,
confirming that equivalent acquisition parameters were used for both sequences. The averaged
measured ADC is above 1 µm2/ms, possibly due to some heating and ice melting across the
duration of the scan.

Figure 5-2. Water phantom.
ADC map of a water phantom with selected ROI shown in red (left) and average ADC values for 3
gradient directions (right).
FA and AD appeared to be higher in PGSE than either of the OGSE frequencies for both
injured and non-injured animals. Lower FA was also clearly evident in the severe animal. No
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distinct differences were observed between injury severities and diffusion times on the MD
maps. Data were collected in the thoracic cord at the injury site and the cervical cord cranial to
injury. Representative single subject parameter maps from the thoracic cord are shown in
Figures 5-3, 5-4, and 5-5.

Figure 5-3. Single subject FA maps of thoracic T10.
Cord ROIs are outlined in red.
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Figure 5-4. Single subject MD maps of thoracic T10.
Cord ROIs are outlines in red.

Figure 5-5. Single subject AD maps of thoracic T10.
Cord ROIs are outlines in red.
Representative single subject parameter maps from the cervical cord are shown in
Figures 5-6, 5-7, and 5-8. Similar to the effects of diffusion time in the thoracic cord, for the

82
cervical cord AD appeared to be higher in PGSE scans as compared to OGSE. No discernable
difference between severities was evident in any of the parameters.

Figure 5-6. Single subject FA maps of cervical C4.
Whole cord ROIs are outlined in red.

Figure 5-7. Single subject MD maps of cervical C4.
Whole cord ROIs are outlined in red.
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Figure 5-8. Single subject AD maps of cervical C4.
Whole cord ROIs are outlined in red.
ROI data of the thoracic cord is illustrated in Figure 5-9. The mixed-effects ANOVA
showed a significant effect of time after injury for MD (p<0.001, F(2,22)=12.486), AD (p<0.001,
F(2.22)=13.929), and RD (p=0.020, F(2,22)=4.728), effective diffusion time for FA (p<0.001,
F(2,22)=52.107), AD (p<0.001, F(1.233,22)= 30.253), and RD (p<0.001, F(2,22)=11.441), and
injury severity for FA (p=0.002, F(1,11)=17.309), MD (p<0.001, F(1,11)=25.694), and RD
(p<0.001, F(1,11)=26.809). An interaction between time after injury and effective diffusion time
was also observed for AD (p=0.005, F(2.228,44)=6.417). No interaction for effective diffusion
time and injury severity was present: FA (p=0.754, F(2,22)=286), MD (p=0.906,
F(1.347,22)=0.040), AD (p=0.219, F(1.233,22)=1.688), RD (p=0.877, F(2,22)=0.133).
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Figure 5-9. ROI averages for whole cord thoracic T10.
ROI averages are shown for all DTI parameters at 3 time points: FA, MD, AD, and RD with error
bars representing standard deviation.
ROI data of the cervical cord is illustrated in Figures 5-10 and 5-11. The mixed-effects
ANOVA showed a significant effect of effective diffusion time in white matter for FA (p<0.001,
F(2,22)=207.785), AD (p<0.001, F(1.338,22)=120.764), and RD (p<0.001, F(2,22)=16.6789) and in
gray matter for FA (p<0.001, F(2,22)=106.433) and AD (p<0.001, F(1.120,22)=43.529). An
interaction between time after injury and injury severity was observed in white matter for AD
(p=0.001, F(2,22)=9.801) and in gray matter for RD (p=0.002, F(2,22)=8.739). No interaction for
effective diffusion time and injury severity was observed in white matter for FA (p=0.245,
F(2,22)=1.502), MD (p=0.397, F(1.337,22)=0.872), AD (p=0.371, F(1.338,22)=0.957), RD (p=0.340,
F(2,22)=1.134) and gray matter for FA (p=0.380, F(2,22)=1.010), MD (p=0.479,
F(1.233,22)=0.617), AD (p=0.556, F(1.120,22)=0.412), and RD (p=0.365, F(2,22)=1.055).
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Figure 5-10. ROI averages for white matter at cervical C4.
ROI averages are shown for all DTI parameters at 3 time points: FA, MD, AD, and RD with error
bars representing standard deviation.
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Figure 5-11. ROI averages for gray matter at cervical C4.
ROI averages are shown for all DTI parameters at 3 time points: FA, MD, AD, and RD with error
bars representing standard deviation.
Discussion

The key findings of this study were that PGSE was more sensitive to injury than OGSE at
the site of injury; in the cervical cord, however, this sensitivity to injury was not present. FA, AD,
and RD showed the most sensitivity to diffusion time both at the injury site and remotely. No
frequency-dependent changes to the orientation of the main eigenvalue were observed, which
is consistent with previous reports (Aggarwal et al., 2012; Clark et al., 2001; Kershaw et al.,
2013). At very short diffusion times, molecules experience unrestricted diffusion; however, as
diffusion time increased, signal becomes more sensitive to barriers. The diffusion times in this
study ranged from 31 ms for PGSE to 1.75 ms (OGSE – 142 Hz) resulting in mean diffusion
distance of 13.6 µm and 3.2 µm respectively. Since the smallest dimension of extracellular
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space is less than a micron, the diffusion times of this study are too long to observe completely
unhindered diffusion (Clark et al., 2001).

Sensitivity to Injury at the Epicenter

Diffusion parameters obtained using PGSE showed a greater sensitivity to injury both
acutely and chronically. At the 1 day time point, the AD of severe animals for the longest
diffusion time was lower than that of the shams, and it renormalized toward the later time
points; this effect has been previously observed (Cheran et al., 2011; Kim et al., 2007; Loy et al.,
2007). The pseudo-normalization of OGSE diffusion metrics is in agreement with many studies
of ischemia in humans (Baron et al., 2015) and rodents (Aggarwal, Burnsed, Martin,
Northington, & Zhang, 2014; Does et al., 2003; Harkins, Galons, Divijak, & Trouard, 2011; Wu,
Martin, Northington, & Zhang, 2014) and in regions of edema (Wu et al., 2014). FA, MD, and RD,
on the other hand, showed very little sensitivity acutely, but FA in severe animals was lower
than sham at 30 and 90 days and MD and RD were higher in severe animals, also consistent with
previous rodent and human studies (Cheran et al., 2011; Deo, Grill, Hasan, & Narayana, 2006;
Ellingson, Schmit, & Kurpad, 2010; Petersen et al., 2012). After an insult to the cord, FA
decreases and MD increases due to disruption of the white matter tracts. All DTI metrics
showed sensitively to injury at the epicenter; the distinction was more pronounced, however, in
the PGSE metrics. These results are likely due to the differences in the sensitivity to different
diffusion distances amongst the scan sequences. PGSE is more sensitive to large-scale diffusion
differences, while OGSE is better at picking up smaller, subcellular diffusion changes (Wu et al.,
2014; Junzhong Xu et al., 2012; Junzhong Xu, Does, & Gore, 2011). Extracellular diffusion has
been shown to be the dominant contributor to overall frequency-dependence (Burcaw,
Fieremans, & Novikov, 2015; Fieremans et al., 2016; Reynaud et al., 2016); this is further
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evidenced by reports that the rate of change of ADC with frequency is linearly correlated with
the mean axon diameter (Kershaw et al., 2013). Furthermore, the infiltration of large immune
cells, such as microglia, would have a stronger impact on the low-frequency measurement
(Aggarwal et al., 2012). This suggests that the changes occurring from a severe injury are more
likely to be on the whole cell scale, leading to a greater sensitivity in PGSE.

Differences Between OGSE and PGSE at the Epicenter

Several parameters showed clear distinctions between PGSE and OGSE sequences at the
site of injury. FA measured with PGSE was higher than FA of both OGSE sequences. As
oscillating frequency increases, water molecules transition from a restricted diffusion regime to
a non-restricted regime in the direction perpendicular to the axonal fibers; however, the
molecules moving in a direction parallel to the axons are believed to be largely unrestricted
(Baron & Beaulieu, 2014). As a result, FA increases with OGSE frequency, because spins are not
as likely to encounter barriers in the radial direction and diffusion becomes more isotropic
(Aggarwal et al., 2012; Baron & Beaulieu, 2014; Kershaw et al., 2013; Kunz et al., 2013). The
slight changes in RD between the two OGSE sequences may be due to structural changes of glial
cells, which tend to be isotropic.
The decrease in AD with decreasing diffusion time is surprising – previous studies have
reported increases in ADC with shorter diffusion time (Aggarwal et al., 2012; Does et al., 2003).
To the extent of our knowledge, there is no physiological basis for this effect; nonetheless,
inherent differences between PGSE and OGSE sequences may have been the reason for this
relationship. Furthermore, most of the studies on OGSE available for comparison were done in
the brain and even though regions such as the corpus callosum are comprised of large coherent
fiber bundles similar to the structure of the cord, inherent differences between the cord and the
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brain may influence the diffusion measurements. To our knowledge only one study has been
published investigating the effect of short diffusion times on diffusion parameters in the spinal
cord (J Xu et al., 2012). The study found increasing ADCs with increasing frequencies; however,
they did not compare those results to a PGSE sequence. The data also suggests that molecules
in one voxel experience different environments, related to different pools, viscosities, or
different geometry compartments, and may interact differently with obstacles (Pyatigorskaya,
Le Bihan, Reynaud, & Ciobanu, 2014).

Spinal Cord Diffusion Time Effects Remote from Injury

In the cervical cord, FA and AD showed the most sensitivity to diffusion time, but no
significant differences between injury and sham were observed. The FA decrease in gray matter
for all three diffusion times compared to white matter is consistent with the more isotropic
nature of gray matter tissue. Interestingly, at the chronic time point, there appeared to be a
trend of decreasing FA and increasing AD, MD and RD with diffusion time, suggesting that some
intra-cellular phenomenon is taking place in the cords of severely injured animals remote from
the site of injury.

Study Limitations

A low b value of 200 was required in order to utilize a higher oscillating frequency.
However, the low b value led to lower SNR and more opportunity for motion artifacts due to
longer scan time. Previous studies have also noted high subject variability with low b values
(Baron & Beaulieu, 2014; Does et al., 2003; Van et al., 2014), which we observed as well. Some
authors have noted that at short diffusion times associated with OGSE, FA and MD maps are
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elevated and more variable compared to PGSE with longer diffusion times (Baron & Beaulieu,
2014). Other studies have suggested that the signal at low b-value might be contaminated with
signal originating from intra-voxel incoherent motion (Van et al., 2014)
Future work will investigate the physiological restriction that is responsible to diffusiontime related changes documented with OGSE. Potential contributors to frequency-dependent
behavior include changes in surface-to-volume ratio, compartment size, cell membrane
permeability, and nuclear-to-cell ratio (Novikov & Kiselev, 2011; Portnoy, Fichtner,
Dziegielewski, Stanisz, & Stanisz, 2014; Wu et al., 2014; Junzhong Xu et al., 2011).

Conclusion

Diffusion imaging of the rat using PGSE and OGSE at two frequencies was tested in
severe contusion-injured animals. Compared with conventional PGSE, OGSE showed less
sensitivity to injury, likely due to the shorter diffusion times associated with the OGSE
sequences.
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The scope of this dissertation was to investigate the utility of in vivo diffusion imaging in
the cervical cord after a thoracic injury. This was performed using diffusion tensor imaging with
free water elimination, quantitative T2 imaging, oscillating gradient spina echo, and histology.

Summary of Results

In Chapter 2, the use of free water elimination technique was validated in the spinal
cord and its sensitivity to injury was demonstrated remotely. The results showed that at the
chronic time point ADFWE, MDFWE, and FWFFWE were significantly correlated with BBB scores and
FWE was more predictive of injury than conventional DTI. Histologically, axonal injury
correlated with motor function at early time points. These results suggest that axial diffusivity is
a good measure of chronic injury severity; however, its lack of sensitivity at the acute stage
needs to be further explored. qT2 parameters, including myelin water fraction, tissue water
fraction, and free water fraction, did not correlate to injury severity in white matter, gray
matter, or dorsal column regions of interest. However, a trend suggesting a shift of the tissue
water peak toward smaller values with increasing severity was observed at 90 days after injury.
The results suggest that the qT2 technique is not sensitive to injury severity so far from the
lesion site. Finally, when looking at different diffusion times, PGSE was found to be more
sensitive to injury at the epicenter than OGSE at all time points. In the cervical cord, however,
this sensitivity to injury was not present. Fractional anisotropy (FA), axial diffusivity (AD), and
radial diffusivity (RD) showed the most frequency-dependence, both at the injury site and
remotely. In the rat model of SCI, the fact that longer diffusion times were most sensitive to
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injury suggest that the most impactful changes resulting from spinal cord injury occur in the
extracellular space on the whole cell scale.
Motivation for the project stems from previous findings from our group both from
human and rat studies. Diffusion changes in the cervical cord have been shown to correspond
to injury in lower spine segments. Imaging away from the epicenter of injury can provide
substantial benefits and avoid some of its challenges. Collectively, the results suggest that the
best technique for in vivo evaluation of injury severity remote from the injury site is DTI with
free water elimination. However, water diffusion measured in vivo in the cervical spinal cord
after a thoracic contusion injury might not be as sensitive to injury severity as the ex vivo results
implied and better acute biomarkers are necessary.

Implications

Evaluating the extent of damage and proving a prognosis at the time of injury can be
very difficult, due to the presence of hemorrhage, edema, inflammation, and other secondary
injury factors. Current methods are either insufficient or not fully validated (Steeves et al.,
2007). Today, neurological examination is considered to be the best predictor of functional
outcome. ASIA (American Spinal Injury Association) impairment scale can provide some
information about the state of injury, but it can be variable and provide unreliable predictions
(Al-Habib et al., 2011). Furthermore, spinal shock, medical instability or additional injuries can
influence the accuracy of the neurological examination (Pouw et al., 2014). It is necessary to
understand the extent of injury for evidence-based rehabilitation planning (Burns & Ditunno,
2001; Freund, Weiskopf, et al., 2013).
Most interventions are focused on neuroprotection by mitigating the secondary injury
mechanisms (Fehlings et al., 2012) and recovery is very dependent on the number if preserved
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nerve fibers (Kakulas, 2004). The end goal of therapy is axonal regeneration and reestablishing
physiological connections (Kakulas, 2004). Currently, interventions are comprised of
pharmacological, surgical, and rehabilitative approaches, however, it has not been easy
demonstrating the effectiveness of these treatments in clinical trials (Pouw et al., 2014).
The most important outcome measure for patients is improvement in activities of daily
living, however, before such large-scale changes can be observed, clinical trials must assess
improvements in the neurological activity of the spinal cord (Steeves et al., 2007). The ability to
determine the effectiveness of treatment is crucial when deciding whether to continue with
higher-level expensive trials. Furthermore, determining dose, timing of intervention, and
monitoring schedule are all important factors that could be optimized with better monitoring
techniques (Kwon, Casha, Hurlbert, & Yong, 2011). Biomarkers of injury are necessary to be
used as surrogate markers of outcome in order to detect structural integrity and functional
reorganization of sensorimotor systems following SCI (Freund et al., 2011; Freund, Curt, et al.,
2013; Kwon et al., 2017; Lammertse, Medicine, Dungan, Dreisbach, & Schwartz, 2007; Steeves et
al., 2007). One major complication in evaluating the success of a treatment is spontaneous
recovery, among patients of the same ASIA impairment grade (Pouw et al., 2014). In small early
trials distinguishing between treatment and spontaneous recovery can be challenging (Kwon et
al., 2017).
MRI has been utilized in detecting the location of the spinal cord injury, extent of cord
compression, and identifying hemorrhages, edema, and syringomyelia (Lammertse et al., 2007;
Steeves et al., 2007). Many of the techniques that have been adopted in the brain are
challenging to implement in the spinal cord due to its small size and susceptibility motion
artifacts from breathing and CSF pulsation (Lammertse et al., 2007). Furthermore, many of the
MR techniques implemented today are largely qualitative (Steeves et al., 2007). An MR
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biomarker that would allow clinicians to evaluate the extent of injury and provide prognosis
would be invaluable to the community. This study aimed to make it one step close to achieving
that goal.

Future Directions

Results reported in Chapter 2 and 3 clearly showed that in vivo diffusion changes after
SCI are not as sensitive to injury as was previously reported ex vivo (Jirjis et al., 2013). The
process of fixation is thought to cause formation of cross-links between proteins as well as
proteins and nucleic acids, leading to alterations in the three-dimensional structure of the
proteins (C. Wang, Song, Zhang, & Gao, 2018) and is also known to lead to tissue shrinkage
(Schmierer et al., 2008; C. Wang et al., 2018). The advantage of imaging ex vivo is the ability to
acquire high-quality images for longer periods of time without the concerns of motion and
animal well-being. However, in order for imaging techniques to be implemented in the clinic,
their utility needs to be proven in vivo. Several reports have shown that anisotropy is similar
between live and fixed tissue in the brain (S.-W. Sun et al., 2003; S. W. Sun et al., 2005; C. Wang
et al., 2018) and spinal cord (Pattany et al., 1997), however, overall diffusion is decreased in ex
vivo studies (S. W. Sun et al., 2005; C. Wang et al., 2018). One source of such differences, as
evident from Chapter 2, is presence of free water. Removing signal generated from the freely
diffusing water makes diffusion metrics more sensitive to injury than conventional DTI.
Additional research is needed in order to understand this discrepancy between fixed and live
tissue and better understanding is required of how fixation impacts diffusion. It may be helpful
to directly compare live and fixed diffusion measures using comparable imaging conditions, by
scanning the same animals pre- and post-fixation.
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In addition to conducting studies in vivo, new imaging protocols need to be validated
using human subjects. Animal studies have the advantage of a predictable injury in a controlled
laboratory setting, however, the ultimate goal is improving SCI evaluation in humans. All 4 aims
of this dissertation were performed on rats. Since the free water elimination technique showed
the most sensitivity to injury, its implementation remotely from traumatic SCI in humans would
be beneficial. Furthermore, the sensitivity to injury is most pronounced at the chronic stage and
since the timeline of injury in human subjects can differ somewhat from that of rats’, it would be
interesting to see if the same pattern emerges.
In aim 3, no compartmental changes were observed, however, correlations with
histological measures are needed to validate the results. For example, it would be helpful to
find if the presence of myelin and/or myelin debris correlates with lack of changes in myelin
water fractions away from the lesion. Furthermore, since degeneration appears to progress
with time (Ziegler et al., 2018), experiments past 90 days may be in order. The presence of
edema in the cord remote from the lesion site is also an important matter to understand and
other techniques should be utilized to figure out the extend of edema so far from the injury site.
For the OGSE experiments, a larger study testing a wider range of frequencies would be
beneficial. The nature of this pilot study, with only seven subjects per group made it difficult to
obtain significant results and draw direct conclusions. This was further exacerbated by the
pronounced motion artifacts resulting from a low b-value. Additional techniques need to be
developed and implemented for motion correction. Since only one diffusion distance was
tested for the PGSE sequence, it would be interesting to compare a range of distances to find
one that is optimal for injury detection. This may still be a challenge on many clinical scanners
today, however, with continuous improvement of the technology and increasing magnet
strengths, this will most likely be achievable soon.

96
Biomarkers have been extensively studied in chronic neurodegenerative diseases,
however, more acute measures are necessary (Kwon et al., 2011). Other potentially successful
approaches for evaluating the extent of the spinal cord injury have been developed, among
which are diffusion kurtosis imaging and other multicompartment models. One such method
involves measuring specific neuronal proteins in the cerebrospinal fluid (CSF). Damage to the
cord results in proteins and metabolites to leak into the CSF which can then be measured and
used as neuro-chemical biomarkers (Kwon et al., 2017; Pouw et al., 2014). The utility of such a
biomarker has already been validated in the animal model (Kwon et al., 2011) and is a potential
avenue for future studies. This can be particularly beneficial in cases with metal hardware.
A huge challenge of imaging at the injury site is the presence of metal hardware that
causes artifacts. When the magnetic field changes rapidly with position, there is a significant
dephasing of the signal, resulting in signal loss and a dark spot on the image. Currently,
technology is being developed to significantly reduce these susceptibility artifacts near metallic
hardware. Multiacquisition with variable resonance image combination (MAVRIC) and sliceencoding metal artifact correction (SEMAC) are two such methods. MAVRIC minimizes image
distortions and improves SNR by using frequency-selective excitation with frequency bands of
different ranges (Choi, Koch, Hargreaves, Stevens, & Gold, 2015). SEMAC, however, uses view
angle tilting to reduce the in-plane distortions (Choi et al., 2015). These techniques are
successful in reducing metal artifact in T1 images and may soon be implemented in T2.
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